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SUMMARY 
Fatigue is responsible for a great proportion of crack occurring in ships and offshore 
structures. Fatigue strength assessment is mandated to evaluate and develop 
procedures for estimating the fatigue strength and providing recommendations. The 
traditional approach to the fatigue analysis of notched structural components has been 
based on the classical S-N curve. The empiricism of this approach has led to the 
exploration of recently developed disciplines, fracture mechanics and low cycle 
fatigue, to develop methods for more rational and accurate analyses.   
The objective of the current study is, therefore, not only to extend the understanding 
to the fatigue evaluation by linear elastic fracture mechanics approach, but also to 
apply this method on the evaluation the weld root cracking for doubler-plate 
reinforced joints.  
Evaluation of stress intensity factor by finite element method has been calibrated 
against reported numerical and experimental results. For the purpose of standardized 
and simplified crack mesh generation, an automatic crack mesh generator program 
has been developed.  
Studies have been carried out on the weld root cracking of load-carrying cruciform 
joint, and comparison between the obtained results and reported results has been 
carried out for calibration purpose. Studies have been carried out on the weld root 
cracking of doubler-plate reinforced joints. Comparison between weld root cracking 
and weld toe cracking as well as between 2-D analyses and 3-D analyses have been 
carried out to identify the governing condition.  
- xxiv - 
Parametric studies have been carried out on the weld root SIF of doubler-plate 
reinforced joints. More than 900 analyses have been carried out on the doubler-plate 
reinforced plate connections on near 200 different geometric configurations. Another 
120 analyses have been carried out on doubler-plate reinforced circular hollow section 
(CHS) X-joints on 60 different geometric configurations. The parametric study has 
identified the critical position in terms of root cracking, as well as determined the 
influences of the major geometric parameters.  
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CHAPTER 1  INTRODUCTION 
1.1 Background 
Fatigue is responsible for a great proportion of crack occurring in ships and offshore 
structures.  Therefore, fatigue failure of structural details due to cyclic loading has 
always been an important concern in the operation of ships, both in the maintenance 
of existing vessels and in the design of new vessels.  Before any explicit fatigue 
design guide is finalized, ships were designed against ultimate loads with the implicit 
assumption that fatigue would – at worst – be a maintenance problem. 
The use of welding as the main fabrication method introduces more concerns on 
cracking. During the 1980’s, new grades of steel with improved weldability and 
increased tensile strength were developed and used for ships and structures. The 
increase in the allowable stress level has been observed that the implicit fatigue 
design based on static strength criteria was not sufficient to cover the fatigue concerns. 
Another development was the advent of floating production, storage and offloading 
(FPSO) ships for oil and gas. These vessels are moored offshore and operated in a 
stationary mode for the production life of an oil and gas field, typically up to 20 years. 
Docking for inspection and repair is very costly for an FPSO, and design is thus 
aimed at uninterrupted operation. To cater for all these requisitions, more stringent 
rules on fatigue concerns have to be utilized.   
Although metal fatigue has been studied for more than 160 years, many problems still 
remain unsolved due to the complexity of the subject. Fatigue refers to the failure of 
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materials under repeated actions of stress fluctuations. The loads responsible for 
fatigue are generally not large enough to cause material yielding. Instead, failure 
occurs after a certain number of load or stress fluctuations. Furthermore, the fatigue 
strength of a welded joint can be as low as 20% of an un-welded plate. Several factors 
contribute to this marked reduction in fatigue strength: the notches caused by various 
discontinuities in geometry, residual stresses, deleterious microstructures in the heat 
affected zone (HAZ), internal weld defects such as porosity, lack of fusion, etc. 
Phenomenologically, the fatigue process consists of three stages: (a) crack nucleation, 
(b) stage I or cristalographically oriented crack growth, and (c) stage II or stable, 
crack growth perpendicular to the maximum tensile stress. However, from an 
engineering point of view, it is more convenient to consider the fatigue life to be 
composed of the number of cycles needed to initiate a “crack”, NI (fatigue crack 
initiation period) and of the number of cycles required for the propagation of the 
“active” fatigue crack to final failure, NP (fatigue crack propagation period). Although 
arbitrary, these definitions of the crack initiation and propagation stages prove to be 
more convenient for predictions and analyses than the phenomenological definitions. 
Fatigue strength assessment is mandated to evaluate and develop procedures for 
estimating the fatigue strength and providing recommendations. Unfortunately, no 
unified approach has yet been developed. At the present time, independent 
estimations of the fatigue crack initiation and propagation are made based on low 
cycle fatigue and fracture mechanics concepts, respectively. The development of 
finite element methods, together with high-speed computers, allows more rational 
approaches for ship structural analyses. 
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1.2 Motivation 
The traditional approach to the fatigue analysis of notched structural components has 
been based on the classical S-N curve.  The empiricism of this approach has led to the 
exploration of recently developed disciplines, fracture mechanics and low cycle 
fatigue, to develop methods for more rational and accurate analyses.  
For several decades, fatigue design procedures have been established for bridges, 
pressure vessels, etc., with fatigue strength criteria – S-N curves – based on small 
scale testing of planar welded joints (Gurney, 1968; Maddox, 1975). During the 
development of oil and gas fields in the North Sea in the early 1970’s it became 
evident that offshore structures in this harsh environment had to be designed against 
fatigue, using explicit procedures.  The existing S-N curves covered simple joints 
under uniaxial loading only. For tubular joints, featuring three-dimensional geometry, 
under combined loading and large stress concentrations and gradients, a fatigue 
design procedure based on the hot spot stress and the full scale testing was developed 
by Radenkovic (1981). 
Ship structures pose new challenges with respect to fatigue design. Welded details in 
ships differ from those of bridges and offshore structures in several respects.  Firstly 
the loading is complex, with a combination of global loads (hull bending), local loads 
(wave action against side shell), and service loads (changing load/ballast conditions). 
The combined effect of these load components for fatigue strength assessment is not 
clear.  Secondly the geometry of the welded connections can be very complex, e.g., 
the stiffener to transverse frame connections, reinforced cut-outs in plates, etc., with 
large stress gradients and lack of a clear definition of the nominal design stress.  A 
third factor is the three dimensional nature of the connections, leading to load 
shedding and in most cases of practical design, a large crack tolerance.  Fatigue 
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design based on crack initiation or growth to short crack lengths may be overly 
conservative.  At the same time, prediction methods for crack growth are uncertain, 
due to the load shedding effects.  The last, but not the least factor is the scarcity of full 
scale fatigue test data to back up any procedure.  
1.3 Objectives and scope of research 
The objectives of the current research consist of: 
• To verify the linear-elastic fracture mechanics approach in the evaluation of 
fatigue strength of welded structures. 
• To investigate fracture and fatigue cracking behaviors for three types of ship and 
offshore structural details: weld intersection rat-hole, doubler-plate reinforced 
plate connections and doubler-plate reinforced tubular joints. 
• To examine the root cracking conditions for fillet welds and the relation between 
weld root cracking and toe cracking.  
1.4 Contents of the current thesis 
Chapter 2 reviews some basic concepts and common approaches of fatigue 
assessment, including linear elastic fracture mechanics (LEFM), stress intensity factor 
and its applications, and fatigue crack initiation and propagation.  It also introduces 
current research on fatigue assessment of welded structures. Chapter 3 presents 
detailed information on the methodology development.  The stress intensity factor 
approach used in the current study for crack propagation prediction is elaborated and 
verified on selected cases. Chapter 3 also presents a simplified method used to 
generate the crack mesh for SIF evaluation, as well as verifications on this method. 
Chapter 4 reports the stress intensity factor study on the weld toe at rat-hole at weld 
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intersection. Chapter 5 describes a detailed case for method verification on load-
carrying fillet-welded cruciform joint. Chapter 6 presents the detailed stress intensity 
factor study on doubler-plate reinforced plate connection. Chapter 7 presents the 
stress intensity factor study carried out on doubler-plate reinforced tubular X-joint. 
Chapter 8 summarizes the results of the current research project and proposes 
potential tasks for future research. Some raw data on SIF and computer programs 
developed by the author for use in the research project are included in appendices. 
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CHAPTER 2  REVIEW OF PREVIOUS RESEARCH 
2.1 Introduction 
Fatigue (Schütz, 1996) is a branch of study that encompasses many scientific 
disciplines and offers a rich variety of phenomena for fundamental and industrial 
research. Interest in the study of fatigue began to expand with the increasing use of 
ferrous steel structures, particularly bridges in railway systems. Whöler started 
investigations of fatigue failure from 1850s. His studies led to the characterization of 
fatigue behavior in terms of stress amplitude-life (S-N) curves and to the concept of 
fatigue ‘endurance limit’. In 1910, Basquin found that a log-log plot of the stress 
versus the number of fatigue cycles resulted in a linear relationship over a large range 
of stresses. These studies are normally deemed as the origin of fatigue evaluation. 
This chapter first reviews previous research work on fatigue evaluation and introduces 
the different approaches.  Detailed research work on structural components that has 
been carried out is then introduced in the subsequent section.  
2.2 Fatigue evaluation approaches 
There are two major types of fatigue evaluation approaches (Suresh, 1998): Total-life 
approach and Defect-tolerance approach.  
Total-life approach 
Classical approaches to fatigue design involve the characterization of total fatigue life 
to failure in terms of the cyclic stress range (the S-N cure approach) or the (plastic or 
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total) strain range.  In these methods, the number of stress or strain cycles necessary 
to induce fatigue failure in initially defect-free (and nominally smooth-surfaced) 
laboratory specimens is estimated under controlled amplitudes of cyclic stresses or 
strains. The resulting fatigue life incorporates the number of fatigue cycles to initiate a 
dominant crack and to propagate this dominant flaw until catastrophic failure occurs. 
Various techniques are available to account for the effects of mean stress, stress 
concentrations, environments, multi-axial stresses and variable amplitude stress 
fluctuations in the prediction of total fatigue life using the classical approaches.  
Defect-tolerant approach 
The fracture mechanics approach to fatigue design, on the other hand, invokes a 
‘defect-tolerant’ philosophy. The basic premise here is that all engineering 
components are inherently flawed. The size of a pre-existing flaw is generally 
determined from non-destructive flaw detection techniques.  If no crack is detected by 
the non-destructive test method, the largest (undetected) initial crack size is estimated 
from the resolution of the flaw detection technique. The useful fatigue life is then 
defined as the number of fatigue cycles or time to propagate the dominant crack from 
this initial size to critical dimension.  
The different approaches to fatigue provide different guidelines for the design of 
micro-structural variables for optimum fatigue resistance. These differences are a 
consequence of the varying degrees to which the role of crack initiation and crack 
growth are incorporated in the calculation of useful fatigue life. The choice of a 
particular micro-structural condition for improved fatigue life is predicated upon the 
design philosophy for a specific application.  
The ‘safe-life’ and ‘fail-safe’ design approaches were developed by aerospace 
engineers. In the safe-life approach to fatigue design, the typical cyclic load spectra 
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are first determined. The components are analyzed or tested in the laboratory under 
load conditions, which are typical of service spectra, and a useful fatigue life is 
estimated for the component. The fail-safe concept is based on the argument that, 
even if an individual member of a large structure fails, there should be sufficient 
structural integrity in the remaining parts to ensure safe operation until the crack is 
detected.  
2.2.1 Fatigue Life 
The fatigue life of a structural component is defined as the total number of cycles or 
time to induce fatigue damage and to initiate a dominant fatigue flaw, which is 
propagated to final failure.  The total fatigue life (NT) of structural components 
contains two parts: load cycles required to initiate a crack (Ni) and load cycles 
required for crack propagation (Np), i.e. 
 T i pN N N= +  (2.1) 
Crack initiation life 
A ‘local stress-strain approach’ is used by many researchers in the prediction of crack 
initiation life.  The first step in the prediction procedure is to calculate the elastic 
stress concentration factor, Ki , for the component under study. This factor depends on 
the notch angle, notch root radius, notch depth, plate thickness and mode of loading. 
The prediction method also requires that a fatigue strength reduction factor, Kf  be 
calculated. Peterson (1959) proposed a simple empirical relation between Kf and 
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Based upon experimental data, Peterson also suggested a relationship between A and 
the ultimate tensile strength of material Su. 
The next step in the prediction procedure is to calculate the notch-tip strain range, Δε. 
For a nominal loading in the elastic range, the local stress and strain ranges can be 
computed from the nominal stress range using a modified Neuber’s (1961) rule:  
 1/ 2( )f nomK Eσ σ ε∆ = ∆ ∆  (2.3) 
where Δσ and Δε are the notch-tip stress and strain ranges respectively, Δσnom is the 
nominal stress range applied to a notched component and E is the elastic modulus. 
Other parameters for predicting initiation life are the material’s fatigue properties, i.e. 
the cyclic stress-strain relationship and the strain-life relationship or Manson-Coffin 
(Manson, 1965) curves, which involve cyclic strength coefficient, cyclic strain 
hardening exponent. 
The final step in the method is to solve the Manson-Coffin equation for the crack-
initiation life, Ni , which takes into account the contributions of both plastic and elastic 
notch-tip strain ranges: 
 
'
(2 ) ' (2 )
2 2 2
p f b ce
i f iN NE
ε σεε ε
∆ ∆∆
= + = + 
 
 (2.4) 
where Δεe and Δεp are the notch-tip elastic and plastic strain ranges, ' fσ  and ' fε  are 
the fatigue strength and ductility coefficients, and b and c are the fatigue strength and 
ductility exponents respectively. 
Singh et al (2003a and 2003b) conducted fatigue tests on AISI 304L butt-welds with 
reinforcement.  In their study of the two major stages, Ni and Np , the initiation period 
was found to occupy approximately two-thirds of the total fatigue life and consists of 
the cycles necessary to shake down the residual stresses in the weld.  A brief 
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description of the evaluation of crack initiation life was presented for information. 
However, it is not within the main topics of the present research.  
2.2.2 Fatigue evaluation by linear elastic fracture mechanics 
The mathematical framework for the quantitative modeling of fatigue failure was not 
available until early 1900s.  Inglis (1913) looked into the problem of a large thin plate 
of glass with an elliptical hole in the middle. He found that the length of the hole 
perpendicular to the load and the radius of curvature at the ends of the hole were the 
major conditions that governed the cracking. Griffith (1921) extended Inglis’ stress 
analysis by formulating criteria for the unstable extension of a crack in a brittle solid 
in terms of a balance between changes in mechanical and surface energies. He 
deduced the net change in potential energy of the large plate by postulating that the 
decrease in potential energy of the system, by virtue of the displacement of the outer 
boundaries and the change in the stored elastic energy, must equal the increase in 
surface energy due to crack extension. Although Griffith’s idealized concept laid the 
foundation for the physics of fracture, its energy balance considerations could not be 
directly applied to most engineering solids for which nonlinear deformation processes 
are always induced near the crack tip.   
In 1957, Irwin showed that the amplitude of the stress singularity ahead of a crack 
could be expressed in terms of the scalar quantity known as the stress intensity factor, 
using the analytical methods of Westergaard (1939).  With the advent of this so-called 
linear-elastic fracture mechanics approach (LEFM), attempts were made to 
characterize the growth of fatigue cracks in terms of the stress intensity factor. Paris, 
et al (1963) were the first to suggest that the increment of fatigue crack advance per 
stress cycle, da/dN , could be related to the range of the stress intensity factor, ΔK, 
during constant amplitude cyclic loading. Their approach has since been widely 
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adapted for characterizing the growth of fatigue cracks under conditions of small-
scale plastic deformation at the crack tip. The major appeal of the linear-elastic 
fracture mechanics approach is that the stress intensity factor range, determined from 
remote loading conditions and from the geometrical dimensions of the cracked 
component, uniquely characterizes the propagation of fatigue cracks. This method 
does not require a detailed knowledge of the mechanisms of fatigue fracture. 
Stress intensity factor 
In order to study the variation of the stress and deformation fields in cracked bodies 
subjected to external loads, the different modes of fracture should be examined. 
Figure 2-1 schematically shows the deformation of the three basic cracking modes. 
Mode I is the tensile opening mode in which the crack faces separate in a direction 
normal to the plane of the crack. Mode II is the in-plane sliding mode in which the 
crack faces are mutually sheared in a direction normal to the crack front. Mode III is 
the tearing or anti-plane shear mode in which the crack faces are sheared parallel to 
the crack front. The crack face displacements in modes II and III find an analogy to 
the motion of edge dislocations and screw dislocations, respectively. 
 
Figure 2-1: Three basic modes of fracture. 
Tensile opening In-plane sliding Anti-plane shear 
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The stress intensity factors (SIF) KI , KII , and KIII play important roles in Linear 
Elastic Fracture Mechanics (LEFM). In general terms, SIF characterize the intensity 
of the stresses in the vicinity of an ideally sharp crack tip in a linear-elastic and 
isotropic material.  
Consider a two-dimensional problem, a sharp crack is subjected to mode I loading, 
the stresses near the crack tip can be expressed on polar coordinates r and θ (Figure 
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Similar equations are available for KII  and KIII .  These equations, based on theory of 
linear elasticity, predict the stress singularity at the crack tip, that is, all non-zero 
stress components approach infinity as r approaches zero.  Also, all the non-zero 
stresses of the equations are proportional to SIF, and the remaining factors only give 
the variation with r and θ.  Hence, the intensity of the stress field near the crack tip 
can be characterized by the factor SIF, i.e., SIF is a measure of the severity of the 

































The value of SIF at which a given material begins to crack significantly is called KQ , 
and at which it fails is KC .  Slow-stable crack growth may follow KQ until KC is 
reached, and both of these may decrease with the increase of member thickness. 
Under plane strain, only limited slow-stable crack growth occurs, so that KQ and KC 
have similar values to each other, and KQ becomes the standard plane strain fracture 
toughness, KIC .  A value of KIC represents a worst-case fracture toughness that can be 
safely used for any thickness. For structural steel, this value is around 50MPa m  
(Suresh, 1998) despite the yield strength. 
Consider a cracked plate as shown in Figure 2-3, we have 
 K S aπ= (a b)<<  (2.8) 
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Figure 2-3: Simplified equation of SIF. 
For a given crack length and a material with fracture toughness KIC , the critical value 















Figure 2-4: Actual material behavior. 
Hence, longer cracks have a more severe effect on strength than shorter ones do, as 
might be expected. However, the data fall below the line where the stress approaches 
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applies only if the plastic zone is small compared to the crack length and other 
geometric dimensions, and this is not true for the highest stresses corresponding to 
failure at small crack lengths. 
2.3 Research on structural components 
2.3.1 Studies on welded structural details 
Studies have been carried out on various welded structural details.  Basically, two 
types of fatigue cracking need to be examined, weld toe cracking and weld root 
cracking.  Figure 2-5 shows 4 types of welded joints for which the weld toe cracking 
is the major concern.  Figure 2-6 shows another 4 types of weld joints for which weld 
root cracking is also possible besides toe cracking.  
 
Figure 2-5: Various welded joints for which toe cracking is the major concern. (a) 
full-penetration butt weld; (b) non-load-carrying T-joint; (c) non-load-carrying 
cruciform joint; (d) non-load-carrying longitudinal stud. 
(a) (b) 
(c) (d) 
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Figure 2-6: Various welded joints for which root cracking is possible. (a) partial-
penetration butt weld; (b) fillet-welded doubler-plate; (c) load-carrying cruciform 
joint; (d) load-carrying T-joint. 
Weld toe cracking 
Maddox (1975) originally developed the fatigue life concept based on fracture 
mechanics.  According to this concept, the fatigue life of weld joints is exclusively the 
propagation of very small cracks occurring in the bi-material zone of filler and parent 
materials at the toe and root of the weld seem.  The propagation can be described on 
the basis of the stress intensity factor range, ΔK. His solutions are often expressed in 
terms of the weld toe magnification factor Mk , which is defined as: 
 ( _ _ _ )
( _ _ _ _ _ )k
K in plate with attachmentM
K in same plate but without attachement
=  (2.10) 
The Mk factor quantifies the change in stress intensity as a result of the presence of the 
weld and the attachment and is applied to existing solutions for plain plates to produce 
K solutions for a plate with an attachment.  Newman and Raju (1981) presented the 
empirical K equation from an extensive finite element study.  It is a well-established 
and extensively used solution for a semi-elliptical surface rack in a plain plate, 
subjected to membrane and/or bending loading.  Bowness et al (2000a and 2000b) 
(a) (b) 
(c) (d) 
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developed a set of comprehensive estimation equations for the weld toe magnification 
factor for semi-elliptical cracks in T–butt geometries, using several popular finite 
element software packages.  
Gurney (1991) reported the result of a major experimental study on the influence of 
both main plate thickness and of attachment size on the fatigue strength of joints with 
transverse non-load-carrying fillet welds. In particular, he defined the extent to which 
the size of the attachment might influence the thickness effect in such joints. 
Hobbacher (1992 and 1993) studied SIF of welded joints and calculated for a variety 
of joint types and dimensional parameters, including: non-load-carrying transverse 
and longitudinal attachments, cruciform joints with K-butt and with fillet welds, and 
lap joints with fillet welds.  He defined the equation for SIF evaluation as: 
 kK M Y aσ π=  (2.11) 
in which, Y accounts for general crack configuration and Mk accounts for the influence 
of the weld and gusset.  He also developed parametric formulae for Mk. 
van Straalen et al (1993) examined several aspects of fatigue calculations, including: 
modeling of the geometry and stresses, crack schematizations and a fracture 
mechanics based model. He also provided examples of fatigue crack growth 
calculations.  
Some researchers have studied the influence of the weld toe details.  Pang (1994) 
studied the influence of weld toe radii.  He also summarized his results in the terms of 
toe magnification factor Mk.  
Lie et al (2000c) studied two-dimensional Mk factors at the weld toe of non-load-
carrying transverse welded attachments. They also derived, using the principle of 
superposition and stresses obtained from boundary element analysis, and proposed 
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parametric equations for three-dimensional Mk for design purposes.  Lie et al (2000b) 
proposed a formulation for evaluating the effective stress intensity factors.  
Load-carrying cruciform joint 
 
Figure 2-7: Configuration of a load-carrying cruciform joint. 
Ferreira (1988) reported the experiment results on the influence of the weld and plate 
geometry on the fatigue life prediction in cruciform joints, as well as using fracture 
mechanics methods.  His results showed that plate length and the attachment 
thickness to main plate thickness ratio had little or no effect on fatigue strength. The 
plate thickness and the loading type do affect the fatigue. Their effects were 
quantified and introduced into the S-N curve for design. 
Lie et al (1998) studied the effect of misalignment of the welded joints on the fatigue 
strength. They studied the root crack length as well as different boundary conditions 
using boundary element technique. Their predicted fatigue life, by calculating the 
notch stress concentration factors were reported to have very good agreement with 
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Balasubramanian and Guha (1998, 1999a, 1999b, 1999c, 1999d, and 1999e) 
conducted a series of experiments and numerical simulations for load-carrying 
cruciform joints on the parameters such as material property, geometric configuration, 
weld properties, and etc. Their numerical simulations are mainly based on two-
dimensional plane-strain analyses.  
Doerk (2003) carried out a series of two-dimensional and three-dimensional 
numerical analyses on load-carrying cruciform joint in order to establish a design 
procedure for the root crack assessment of fillet welds around attachment ends in 
order to avoid root cracking. Since sufficient test data were not available concerning 
this special problem, he conducted a number of fatigue tests to form a database for the 
development of the design criterion.  His work has been referenced in the present 
thesis in Chapter 5.  
Kim et al (2005) examined the relationship between the direction of an applied stress 
cycle and the fatigue behavior of load-carrying fillet-welded cruciform joints with 
weld root cracks, and presents the fatigue life assessment of the joints. They 
preformed fatigue tests on a few sets of cruciform joints inclined at various angles to 
the normal direction of the uniaxial cyclic loading. They found that fatigue cracks 
propagated perpendicularly to the stress direction, and formed a flat plane or multiple 
propagation planes according to the inclination angles. They suggested that the fatigue 
crack propagation rate could be estimated by only the mode I stress intensity factor of 
an inclined through crack assumed. Therefore, the fatigue life could be evaluated by 
the stress range at the weld throat in the normal direction to the inclined crack 
propagation, irrespective of difference in the inclination angle. 
A fatigue assessment of the fatigue cracks initiating from the non-fused root face is 
possible using the nominal stress in the weld throat. However, Fricke et al (2005) 
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found that load-carrying fillet welds are in certain structures much more subjected to 
throat bending, which increases the risk of root failure, such as doubler plates under 
out-of-plane loads. They proposed an approach for fatigue assessment which is based 
on structural stresses in the leg section of the fillet weld including the bending 
portion, allowing a relatively simple stress analysis by the use of coarse finite element 
models. It is shown that element stresses in a cross section through the weld contains 
uncertainties due to the stress singularity at the end of the non-fused root face, so that 
nodal forces should be preferred for the stress evaluation. As an alternative, the 
structural stresses in the attached plate can also be used. They also derived a design S-
N curve based on structural weld stresses in the leg section from fatigue tests of 
different types of specimens. 
Fatigue of ship structural details 
Marcel (1997) studied the fatigue life of ship structural details. He had developed a 
fatigue strength estimation procedure on the hot spot stress approach with normalized 
notch parameters, and a reference S-N curve for welded material. This approach 
allows the determination of S-N fatigue strength characteristics for any geometry 
using a parametric formulation of the geometrical stress concentration factors derived 
from finite element analysis. He also proposed a fatigue stress criteria for finite 
element analysis based on the concept of critical fracture plane.  Meanwhile, Xu et al 
(1997a and 1997b) carried out study on ship critical structural details, developing S-N 
analysis by nominal stress and hot spot stress procedures.  
2.3.2 Studies on CHS joint 
In the past years, various experimental programs have been carried out by many 
researchers to investigate CHS joints (Figure 2-8 shows some simple tubular joints).  
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However, due to the limits of test set-ups, experimental studies mostly focused on 
those joints with simple geometry and subjected to simplified loading conditions.  
 
Figure 2-8: Tubular joints. 
Fracture mechanics study on tubular joints 
Rhee, et al (1987) investigated various aspects of a fatigue crack growth analysis, 
ranging from the stress intensity factor solutions to the simulation of a fatigue crack 
coalescence process of a tubular joint weld toe surface flaw.  He established a finite 
element analysis procedure to calculate the stress intensity factors of a surface flaw 
with curved crack surfaces and front in a three-dimensional structure under mixed-
mode loading conditions. He analyzed weld toe surface flaws in an offshore structural 
tubular joint and presented their KI , KII and KIII solutions.  His solutions indicated 
that, when the structural geometry is complex, the crack tip behavior could be 
predominantly mixed-mode, even if the loading condition is simple.  He also 
suggested that a multi-component contact algorithm is required to prevent crack 
surfaces from penetrating each other in a finite element analysis. These indication and 
suggestions have been verified in the later chapter of this thesis. Using these stress 
T-joint Y-joint 
K-joint X-joint 
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intensity factor solutions, Rhee (1989) performed a fatigue crack growth study for the 
X-joint.  Through this study, the crack shape change during the fatigue crack 
propagation was investigated in detail.  
Ferreira et al (1989) carried out experimental and theoretical studies on the influence 
of the radius of curvature at the weld toe on the fatigue strength of transverse non-
load-carrying fillet welded joints loaded in bending and in tension. Their experimental 
work included a statistical analysis of the measured values of welded specimens and 
S-N data obtained in T joints with various plate thicknesses and with constant joint 
proportions.  They explained the differences between the experimental results and the 
theoretical predictions by the absence in the derived model of both crack tip elliptity 
and a crack initiation term. 
Lotsberg (1998) derived analytical expressions for stress concentration factors due to 
fabrication tolerances for a number of design cases based on classical shell theory. 
The cases studied include butt welds in tubular joints, welds at ring stiffeners and 
bulkheads in shell structures, welds at conical transitions without and with ring 
stiffeners and tubular joints with colinearity subjected to axial tension in risers and 
tethers of tension leg platforms. His work based on non-cracked joints.  
Lee et al (1999) reviewed the modeling techniques used in the finite element analysis 
of tubular joints to obtain information on strength, stress fields and stress intensity 
factors. They provided guidance on model discretization, choice of elements, material 
curve input, weld modeling, results interpretation and limitations of using numerical 
techniques. Information given by them has been proved to be useful to the FE 
modeling in the current thesis. 
Etube et al (2000) proposed a new method on the predicting of SIF for cracked 
welded tubular joints, using fracture mechanics approach. They mentioned that the 
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accuracy of any fracture mechanics model for the prediction of fatigue crack growth 
would depend very much on the accuracy of the stress intensity factor solution used, 
and believed that the crack aspect ratio was very important, which represented a major 
source of uncertainty in fatigue crack growth prediction. They proposed new method 
to account for crack aspect ratio evolution during crack propagation, based on a 
statistical model used to quantify and account for the deviation of experimental results 
from previous semi-empirical solutions and the modified Newman and Raju (1981) 
flat plate solution.  
Lie et al (2000a) proposed a combination of finite elements and boundary elements 
for solving general cracked tubular joint problems. They introduced the relationship 
between nodal displacements and tractions on the interface from finite element 
equations into the boundary integral equation as a natural boundary condition. They 
tested the effectiveness and accuracy of the method by estimating the stress intensity 
factors of a semi-elliptical surface crack located at the saddle point of welded tubular 
T-joints by varying the brace thickness and weld size, by comparing with results 
obtained from finite element method and experimental tests. The intention of this 
method is to reduce the complexity of modeling the cracks in FE models.  
It is common practice to calculate stress intensity factors for surface cracks in pipe 
plate/tubular joints using stress intensity factor solutions developed for surface cracks 
in T-plate joints or flat plates with magnification factors. Wang et al (2003) developed 
a new method for the calculation of stress intensity factors for surface cracks in pipe 
plate and tubular joints, based on a model of T-plate weld joints with built-in ends and 
accommodating load shedding effects directly. They concluded that the proposed 
model accounted for load shedding effects directly and provided stress intensity factor 
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solutions for surface cracks in pipe plate and tubular joints accurately. Their intention 
of their method is to avoid the effort spent on modeling cracks on curved surface.   
Shao et al (2005) developed an automatic mesh generation method, for a uni-planar 
tubular K-joint containing an arbitrary surface crack located along the chord weld toe, 
for producing the complete finite element mesh model.  The reliability and accuracy 
of the SIF results obtained from their model was evaluated by a full-scale K-joint 
specimen tested.  They also proposed a parametric SIF equation based on analyses of 
extensive numerical models of tubular K-joints containing a surface crack at the 
crown subjected to balanced axial loads.  Based on error analysis they found that the 
proposed equation provided reliable and accurate estimation of SIF for cracked 
tubular K-joints under balanced axial loads. However, their method is limited to K-
joint with parameters within certain range. It cannot be extended to use on other joint 
types.  
Studies on doubler-plate reinforced joints 
Due to the complexity in geometries, limited studies have been conducted on 
reinforced joints. van der Vegte et al. (1992) investigated the static strength of X-
joints reinforced by a chord can subjected to axial brace load by numerical analyses. 
Le Meur et al (1994) conducted research project on the ultimate strength and fatigue 
resistance of grouted tubular joints. Lee et al (1999) carried out a numerical 
parametric study on the strength of internally ring-stiffened tubular T-joints. Choo et 
al. (1998) presented results of an experimental program to investigate static strength 
of CHS T-joints, reinforced with a doubler-plate or collar-plate, subjected to brace 
axial load.  Fung et al. (1999) carried out a program to study the ultimate capacity of 
doubler-plate reinforced CHS T-joints. Hoon et al. (2001) performed experimental 
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investigation on the stress distribution of a doubler plate reinforced T-joint subjected 
to different loadings.  
Choo et al (2002, 2003, 2004a, 2004b, and 2006) conducted a series of experimental 
and numerical studies on doubler plate reinforced circular hollow section (CHS) 
joints.  They found that the provision of a doubler plate at the connection between the 
brace and the chord can significantly improve the static strength of CHS joints. The 
size of the plate may have important effects on the strength of the reinforced joints. 
They (2002) found that for X-joint subjected to in-plane bending, an appropriately 
proportioned doubler-plate at the brace-chord intersection can provide strength 
enhancement up to 200% to the un-reinforced joint. While for out-of-plane bending 
(2003), it is found that the ultimate strength can be up to 290% to its un-reinforced 
counterpart.  
Choo et al (2004) studied the static strength of axially loaded doubler plate reinforced 
CHS T- and X-joints. They also examined doubler plate reinforced CHS X-joints 
subjected to in-plane bending through systematic variation of the main geometric 
parameters. The load transferring mechanisms and failure modes of such joints, with 
different doubler plate size and thickness, are investigated and compared to 
corresponding un-reinforced joints. Within the range of geometric parameters 
investigated, the doubler plate is observed to provide strength enhancement up to 
240% for the corresponding un-reinforced joint. Strength equations are established 
using the computed results for assessment of the static strength of doubler plate 
reinforced X-Joints, and. design recommendations are provided for this joint type. 
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2.4 Summary 
Previous research work on fatigue evaluation approaches as well as their applications 
on welded structural details has been reviewed.  Amongst the experimental works, 
little has been done in full scale.  Generally, fatigue tests have been carried out on 
simplified structures with idealized boundary and loading conditions due to 
significant expenses required.  Compared to the time and resource consuming fatigue 
tests, finite element method is proving to be a good alternative.  It provides the 
possibility to carry out study in large scale in terms of critical parameters, such as 
geometry, material, loading and boundary conditions, etc., with careful design and 
verification.  
Extensive studies have been carried out on the toe cracking of welded structural 
details. Yet much less attention has been paid to weld root cracking, especially those 
formed between two deformable bodies. Furthermore, most studies by finite element 
approach are focused on certain configurations, and these results are valid within 
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CHAPTER 3 METHODOLOGY 
3.1 Finite element analysis 
3.1.1 Evaluation of SIF  
There are two well established procedures which are commonly used for evaluating 
stress intensity factors in arbitrary cracked bodies: nodal matching techniques, such as 
displacement extrapolation techniques; and the energy method – domain integral.  
3.1.1.1 Nodal displacement method 
The displacement extrapolation techniques are based on Westergaard’s equations 
(1939), which relate the displacements (ui) in the vicinity of the crack tip to the stress 
intensity factors (Kj) in the form 








= −  (3.1) 
In Equation (3.1),   
G denotes elastic shear modulus ( =E/[2(1+ν)] ); 
r, θ denote polar coordinates. 
3.1.1.2 Virtual crack extension technique (Domain Integral) 
An advanced approach to fracture based on the J-integral concept is capable of 
handling large amounts of yielding.  In a formal mathematical sense, the J-integral is 
defined (Rice 1968) as the quantity obtained from evaluating a particular line integral 
around a path enclosing the crack tip (Figure 3-1): 
Chapter 3 Methodology 
- 28 - 
 ( )
S




∂∫  (3.2) 
where  
u  Displacement vector; 
y Distance along the direction normal to the plane of the crack; 
S Arc length along the contour; 
T

 Traction vector; 
w Strain energy density of the material. 
 
Figure 3-1: Definition of J-integral. 
For nonlinear elastic solid, J is the rate of change of potential energy (with respect to 
crack advance); for a linear elastic material, J reduces to the energy release rate G, 
which has a direct relationship to the SIF. The virtual crack extension technique can 
be used to provide estimates of the energy release rate, which in the elastic regime 
equals to the J-integral. For linear elastic material, the stress intensity factors can be 
related to the J-integral value as:  
 11
8
TJ K B K
π
−= ⋅ ⋅  (3.3) 
where [ ], , TI II IIIK K K K=  and B is called the pre-logarithmic energy factor matrix 
(Shih and Asaro, 1988).  For homogeneous, isotropic materials, B is a diagonal matrix 
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where E’ = E for 2-D plane stress, and E’ = E/(1-ν2) for 2-D plane strain and 3-D 
cases.   Shear modulus is G = E’/2(1+ν).  
In general, Equation (3.3) can be written as (ABAQUS, 2001): 
 1 1 111 12 13
1 [ 2 2 (
8 I I I II I III
J K B K K B K K B K
π
− − −= + + + non-KI terms)] (3.5) 
where I, II, III correspond to 1, 2, 3 when indicating the components of B. We define 
the J-integral for an auxiliary, pure mode I, crack-tip field with stress intensity factor 





aux I IJ k B kπ
−= ⋅ ⋅  (3.6) 
Super-imposing the auxiliary field onto the actual field yields (ABAQUS, 2001): 
 1 1 111 12 13
1 [( ) ( ) 2 () 2 ()
8
I
to t I I I I I I II I I IIIJ K k B K k K k B K K k B Kπ
− − −= + + + + + +  (3.7) 
  + (terms not involving KI  or kI)]  
Since the terms not involving KI or kI in ItotJ  and J are equal, the interaction integral 
can be defined as: 
 1 1 1int 11 12 13( )4
I I I I
tot aux I II III
kJ J J J B K B K B K
π
− − −= − − = + +  (3.8) 
If the calculations are repeated for mode II and mode III, a linear system of equations 
results: 
 1int 4
kJ B Kα α αβ βπ
−= , (no sum on α = I, II, III) (3.9) 
If the ka  are assigned unit values, the solution of the above equations leads to: 
 int4K B Jπ= ⋅  (3.10) 
where int int int int[ , , ]
I II III TJ J J J= . The calculation of this integral is discussed next.  
Chapter 3 Methodology 
- 30 - 
Based on the definition of the J-integral, the interaction integrals intJ
α  can be 
expressed as: 
 int 0limJ n M q d
α α
ΓΓ→
= ⋅ ⋅ ⋅ Γ∫  (3.11) 
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  (3.12) 
The subscript aux represents three auxiliary pure mode I, II and III crack-tip fields for 
α = I, II, III, respectively. Γ is a contour that lies in the normal plane at position s 
along the crack front, beginning on the bottom crack surface and ending on the top 
surface (Figure 3-2). The limit Γ → 0 indicates that Γ shrinks onto the crack tip. 
Following the domain integral procedure for calculating the J-integral, we define an 
interaction integral for a virtual crack advance λ(s): 
 int int ( ) ( ) ( )L AJ J s s ds s n M q dA
α α αλ λ= = ⋅ ⋅ ⋅ ⋅∫ ∫  (3.13) 
where L denotes the crack front under consideration; dA is a surface element along a 
vanishingly small tubular surface enclosing the crack tip (i.e., dA = dsdΓ); n is the 
outward normal to dA; and q is the local direction of virtual crack propagation. The 
integral intJ
α
 can be calculated by the same domain integral method as that used for 
calculating the J-integral. To obtain intJ
α  at each node set P along the crack front line, 
λ is discretized with the same interpolation functions as those used in the finite 
elements along the crack front: 
 ( ) ( )Q Qs N sλ λ=  (3.14) 
where λQ = 1 at the node set P and all other λQ are zero. The result is substituted into 
the expression for intJ
α .  Finally, the interaction integral value at each node set P along 
the crack front can be calculated as: 
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Figure 3-2: Definition of local orthogonal Cartesian coordinates at the point s on the 
crack front; the crack is in the X1-X3 plane. 
This feature is implemented in the finite element package ABAQUS (2001), and 
evaluation of stress intensity factor is available as a supplement to the J-integral 
contour.   For linear or nonlinear elastic behavior where local unloading does not 
occur near the crack tip, J-integral is independent of the path S taken to compute the 
integral. Such evaluations of the J-integral, based on the virtual crack 
extension/domain integral methods, provide excellent accuracy. 
3.1.2 Crack propagation life 
3.1.2.1 Paris’ equation  
Under cyclic loading conditions, the onset of crack growth from a pre-existing flaw or 
defect can occur at (maximum) SIF that are well below the quasi-static fracture 
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tip is a mere perturbation in an otherwise elastic material, the growth of a crack under 
cyclic loading is governed by the Paris’ law (1963): 
 ( )mda C K
dN
= ∆  (3.16) 
where:   
C, m Material constants; 
dN
da  = Fatigue crack growth rate: length increment per cycle; 
ΔK = Kmax - Kmin, or aSFK π∆=∆  called stress intensity range, in which 
ΔS = Smax - Smin, assuming the applied load is cyclic with constant 
values; 
Equation (3.16) is applicable for a single mode of remote loading and for a fixed 
value of R.  For pure tension case where R = 0, it is understood that ΔK refers to the 
range of mode I stress intensity factors during the stress cycle.  Similarly, a stress 
intensity factor range ΔKII or ΔKIII can also be used in Equation (3.16) to characterize 
fatigue crack growth in mode II or mode III, respectively (Suresh, 1998). 
3.1.2.2 Equivalent SIF 
For cases where mode I, II and III SIF act simultaneously, the presence of KII and KIII 
results in an increased propagation rate.  Therefore, an effective SIF (or equivalent 
SIF) Keff may be used in Equation (3.16).  Several solutions have been proposed for 
Keff .   Mi (1996) used the following equivalent SIF: 
 2 2( | |) 2eq I III IIK K K K= + +  (3.17) 
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These two solutions are different in the role KII and KIII play, especially when KII is 
significant. The second solution Equation (3.18) was found to be adequate in an 
investigation on toe cracks at butt weld by Bowness et al (1996). Therefore it is used 
in the current research. 
3.1.2.3 Multiple degree-of-freedom propagation 
It will be more complex when the crack propagates in three-dimensional space, e.g. a 
surface crack (Figure 3-3). The crack front does not grow in only one direction. Every 
point along the crack front grows in different directions following the Paris’ law 
locally.  Then the problem is what shape the crack front will evolve into, which 
covers the growth direction and rate at each local position.  
 
Figure 3-3: Fatigue crack growth calculation models for a surface crack. 
Some researchers have assumed that the crack keeps a semi-elliptic front line during 
the process of propagation, but allowed for changes in crack shape aspect ratio. 
Fatigue crack growth is then calculated along both the depth and surface directions 
through two coupled Paris’ fatigue crack growth equations (‘Two degrees of freedom’ 
in Figure 3-3).   This method has been widely used in practical assessments of fatigue 
crack propagation for surface cracks.   Obviously, the theoretical model contains a 
Two degrees of freedom 
Multiple degrees of freedom 
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crack shape assumption, which may lead to an uncertain error in the prediction of 
fatigue crack growth, especially when a complex stress distribution across the plate 
thickness is involved. 
A sophisticated predictive method has to be deployed. The method integrates an 
appropriate fatigue crack growth law at a set of points along the surface crack front 
instead of at its two extremes, which enables the crack front of a growing crack to be 
directly traced so that the crack shape assumption mentioned above can be avoided. 
Since the same number of load cycles (N) has been applied to the whole crack front, 
the Paris’ equation can be re-written for certain load cycle as (Lin et al, 1999):  
 
( )m






Therefore, along the crack front, the depth increase at different local coordinates can 







=  ∆ ∆ 
 (3.20) 
where Δa is the crack increase at local coordinate and Δamax is the maximum crack 
increase along the whole crack front.  ΔK and ΔKmax are SIF ranges at local coordinate 
and the highest SIF range along the whole crack front respectively.   By assuming an 
appropriate Δamax, the crack front can be approximated by a spline line by the 
calculated Δa on the selected set of points based on the original crack front line. The 
more points selected along the crack front and the smaller Δamax assumed the more 
realistic the evolved crack front shape will be.  
Using this method (‘multiple degrees of freedom’ by some researchers), the crack 
propagation process can be divided into a certain number of steps. In each step an 
appropriate Δamax is assumed and the crack front line was determined. In the 
subsequent step, the calculation is then carried out on the changed crack shape. The 
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propagation starts from the original crack, and terminates at the location deemed as 
failure.  Theoretically, the more steps the whole process is divided into, the more 
accurate the simulation will be.  However, it is not realistic to use too many steps 
unless an automatic crack modeling program is available. Fortunately, it is not always 
necessary to do that as the local SIF at crack front often changes smoothly in the 
process.   A good approximation on a proper number of steps will save much effort. 
3.1.3 Prediction of the direction of crack propagation 
Various criteria have been proposed to predict the angle at which a pre-existing crack 
will propagate. Among these criteria are the maximum tangential stress criterion 
(Erdogan et al, 1963), the maximum principal stress criterion (Maiti et al, 1983), the 
maximum energy release rate criterion (Hussain et al, 1974), and the T-stress criterion 
(Theocaris, 1982). These criteria predict slightly different angles for the initial crack 
propagation, but they all have the implication that KII = 0 at the crack tip as the crack 
extends (Cotterell et al, 1980).  KIII is not taken in to account in the current research 
since a generally accepted theory for crack propagation with KIII ≠ 0 remains to be 
developed (ABAQUS, 2001). 
3.1.3.1 Maximum Energy Release Rate Criterion 
Consider a crack segment of length a kinking out the plane of the crack at an angle θ , 
as shown in Figure 3-4. When a is infinitesimally small compared to all other 
geometric dimensions (including the length of the parent crack), the SIF kIK  and 
k
IIK  
at the tip of the putative crack can be expressed as linear combinations of KI and KII, 
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The θ -dependences of the coefficients cij are given by Hayashi eta al (1981) and by 
He et al (1989). 
 
Figure 3-4: A kinked crack. 
For the crack segment we also have the relation: 
 2 21 ( )k k kI IIG K KE
= +  (3.22) 
The maximum energy release rate criterion postulates that the parent crack initially 
propagates in the direction that maximizes Gk. 
3.1.4 Finite element packages 
The present research used MSC/Patran (MSC Software, 1999) as the pre-processor, 
due to its ease of manipulation which maximizes the ability of modeling to demand, 
its compatibility with ABAQUS code which generates the output file to be used in 
ABAQUS analysis with little modification, and its ability to do fast batch modeling of 
duplicate structures or part by PCL (MSC Software, 1999) script programming 
language.  ABAQUS/Standard has been adopted to solve the mostly linear elastic and 
static problems which do not require inter-process results. The reason for choosing 
ABAQUS package is that it offers J-integral evaluation by virtual crack extension 




Chapter 3 Methodology 
- 37 - 
3.2 Automatic crack mesh generator 
3.2.1 Background 
A common finite element approach in computing the linear-elastic stress intensity 
factors for surface flaws assumes a crack of semi-elliptical shape. The singularity of 
stress and strain fields at the crack-tip causes significant variations of stress and strain 
values near the crack front, which requires very refined mesh for reliable and accurate 
solutions. The generation of the crack-front mesh, including the generation of quarter-
point elements to account for 1/ r singularity (ABAQUS, 2001) for linear-elastic 
stress/strain solutions near the crack-tip, is a time-consuming process even with 
powerful computers and multi-functional software packages.  Mesh building for the 
crack front consists of a series of standard procedures for different crack sizes and 
aspect ratios. Automation of these procedures offers a convenient and systematic 
approach in the mesh generation process.  
An approach in calculating the stress intensity factors (SIF) along the crack front is 
the sub-modeling procedure, which approximates the stress-strain fields on the 
boundaries of the sub-model containing the crack-front through an intact global model. 
The accuracy in the stress field solution depends on the relative size of the sub-model, 
as the specified boundary conditions may introduce significant effects on the 
computed stress intensity values, if the boundaries of the sub-model are close to the 
crack surface. In addition, the size and shape of the sub-model depends on the 
geometry of the global model near the crack location. 
Due to the large number of geometries in engineering problems, an automatic mesh 
generation procedure may require numerous number of parameters to generate finite 
element models for a global structure containing a surface crack at an arbitrary 
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location.  For a specifically defined global geometry, for example circular hollow 
section (CHS) joints, mesh generation programs (Lie, et al., 2002) are available to 
generate the corresponding finite element model containing a surface or through-
thickness crack.   Lee et al. (2005) presented an automatic mesh generation program 
for tubular connections with surface cracks located at the weld toe of the brace-chord 
intersection.   The comparison between the computed SIF values with the 
experimental data showed sufficient accuracy of the proposed approach.   Lie et al. 
(2005) verified the modeling technique presented for a CHS K-joint by comparing the 
computed SIF values and test results.  Two different approaches, the displacement 
extrapolation method and the interaction integral approach, yielded similar SIF values. 
However, this meshing procedure only applies to a specific global configuration, that 
is, the circular hollow section joint. 
Previous researchers adopted simplified approaches to compute SIF using available 
solutions in idealized models.   Peng et al. (2005) computed the SIF along the front of 
a surface crack in a tubular member using the SIF value for an equivalent surface 
crack embedded in an infinite body multiplied by a boundary correction factor.  Lee 
and Bowness (1996) presented a simplified approach to compute the SIF values for 
tubular joints with a weld toe crack. These SIF values which were derived from the 
stress concentration factors in the intact tubular joint included the effect of weld toe 
magnification factor, degree of bending in the tubular member and the plain plate 
shape factor for brace and chord.  These simplified approaches showed reasonably 
accurate predictions of SIF values for the calibrated geometric shapes and sizes.   For 
a different geometric configuration, an accurate prediction of SIF values requires a 
detailed FE model.   
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This section presents an approach to embed the finite element mesh for the front of a 
surface crack in a global model of arbitrary geometry. A pre-processor simulates the 
intact model, with relatively fine mesh near the designated crack location. The 
hexahedral elements near the designated crack location form a six-faced block. The 
automatic mesh generator builds the crack-front mesh based on the specified crack 
size and location in the six-faced block.   The crack-front mesh is then connected to 
the global mesh through a transitional region for a continuous model, or through 
mesh-tying through a mesh-tied model.  The mesh generation program is written in 
C++ computer language. It works on any IBM PC compatible computer, with 
Microsoft Windows operating platform (Windows 98 or above). The memory 
requirement depends on the size of the model.   For a specimen that contains 6000 20-
node solid elements, the processing takes only a few seconds on a Pentium IV desktop 
PC with 512 MB RAM to complete the entire mesh generation procedure.   
3.2.2 FE mesh generation 
To accurately evaluate SIF, the finite element mesh has to be well designed. A few 
requirements have to be catered for: 
1) The mesh has to be very refined around the crack tip area because very high 
stress concentration and hence very steep stress variation are expected.  Even 
with the virtual crack extension method adopted which is less stringent on 
element size, the mesh has to be sufficiently refined in order to maintain good 
path independence. Ideally, a web shaped radial mesh should be used 
surrounding the crack tip.  
2) The singularity at the crack tip must be considered in small-strain analysis. 
Including the singularity improves the accuracy of the J-integral, the stress 
intensity factors, and the stress and strain calculations. If r  is the distance 
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from the crack tip, the strain (ε) singularity in small-strain analysis is 
(ABAQUS, 2001): 
2/1−∝ rε  for linear elasticity; 
1−∝ rε     for perfect plasticity; 
1+−∝ n
n
rε  for power-law hardening. 
The square root and 1−r  singularity can be built into a finite element mesh 
using standard elements. The crack tip is modeled with a ring of collapsed 
second-order quadrilateral elements, by the following steps (Figure 3-5): First, 
collapse one side of an 8-node isoparametric element so that all three nodes 
have the same geometric location (at the crack tip); Second, move the mid-
side nodes on the sides connected to the crack tip to the ¼ point nearest the 
crack tip. Combination of square root and 1−r  singularity is a good 
approximation for the 1+n
n
r singularity (ABAQUS, 2001). 
Figure 3-6 shows the three-dimensional special element. One of the elements’ 
faces has collapsed into an edge which should be a part of the crack front line. 
Mid-points on all four edges connecting to this edge have been moved to the 
quarter-point position. Several rings of this type of elements are used to form 
the crack tip.  
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Figure 3-5: Element for crack tip singularity simulation – two dimensional. 
 
Figure 3-6: Element for crack tip singularity simulation – three dimensional. 
In order to generate these special elements efficiently, an independent program 
has been developed by the author. This program can modify a built FE model 
in three steps: first, it removes the regular elements surrounding the crack tip; 
second, it generates the smaller special elements around the crack tip; and 
third, it generates the radial shaped mesh to fill the gap between the special 
elements and the existing elements.  
3) As the simulation of crack propagation needs a number of evaluations to be 
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for this problem. One is to develop an automatic mesh generator which can 
deal with cracks with specified shape and dimension.  The author has 
developed one program that can generate surface elliptical cracks on built FE 
model. This program is also discussed in Chapter 5.  The other option is to 
reduce the numbers of steps needed in the process of crack growth.  Normally, 
with the crack growing, the SIF is changing smoothly along the process.  An 
approximate equation can be derived from calculated SIF on selected steps. 
Evaluation can then be carried out based on this approximation.  The more 
steps selected, the more accurate the final result will be.  
3.2.3 Mesh generation algorithm 
The mesh generation procedure for a given global geometry containing a crack at a 
designated location follows a series of steps, as illustrated in Figure 3-7. 
 













Figure 3-7: Flow chart for the process of crack generation. 
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For the selected pre-processor, for example MSC Patran in this study, an intact global 
model is built first. Once the ASCII model file is ready, the user specifies the location 
and configuration of the surface crack. The mesh generation program will then 
automatically locate the elements in the global intact model, which will be replaced 
by the crack-front elements. These elements form a local intact model for the crack 
mesh generator. The mesh generation program then builds the standard crack-front 
mesh following the user-specified crack size. The final step requires that the crack-
front mesh to be incorporated into the global model to form the complete FE model 
for SIF computation. The numerical solver (ABAQUS in this study) calculates the 
SIF values for the global geometry. This procedure can then be repeated to compute 
SIF values for different crack size and aspect ratios. 
3.2.4 Embedding the crack-front mesh 
As mentioned in the above sub-section, the detailed crack-front FE model follows the 
user-specified crack size and aspect ratio.  To ensure high accuracy in the 
computation of SIF values, the crack-front model adopts hexahedral elements. 
Consequently, a region of transitional elements becomes necessary to ensure the 
compatibility between the crack front and the global model.  To connect the local 
crack-front model to the global model, two alternative approaches are proposed.  
The first approach employs a transitional region, in which tetrahedral and pyramidal 
elements form a continuous transition from the crack-front elements to the global 
mesh (Jiang, 2003).  The second approach utilizes the mesh-tying procedure between 
the crack-front model and the global model.  The ABAQUS software imposes a set of 
multi-point constraints (MPC) between the master (independent) surface and the slave 
(dependent) surface, and maintains the displacement compatibility between the 
boundary surfaces of the local crack-front model and the corresponding surfaces in 
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the global model.  To minimize the errors introduced via mesh-tying, the mesh-tied 
surface should be located as far as possible away from the crack surface. 
3.2.4.1 Method I 
The embedded crack model in this approach consists of two parts: the transition 
elements and the crack-front, modeled with hexahedral elements as illustrated in 
Figure 3-8. The surface crack can occupy one or more pairs of original hexahedral 
elements. The surface crack, as shown in Figure 3-8, spans across three pairs of 
hexahedral elements. The transition elements fit between the curved crack front and 
the hexahedral global elements. The role of these transitional elements is to ensure 
continuity between the very refined crack-front mesh and the relatively coarse global 
mesh. The transitional elements, mainly of tetrahedral and pyramidal shapes, provide 
reasonable accuracy in computing the SIF values as presented in Section 5.5. This 
approach is found to be suitable for shallow or long surface cracks. 
 
Figure 3-8: The transition elements between the crack-front mesh and the global mesh 
in Method I.  
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The mesh generation program developed by the author, named Crack3D, consists of 
two parts.  The first part generates the transitional elements between the crack-front 
hexahedral elements and the global elements.  The second part builds the crack-front 
elements.  
3.2.4.2 Method II 
In Method II, the crack-front mesh depends on the user-specified crack size and 
aspect ratio.  The transitional elements, however, adopts 20-node hexahedral elements, 
as exemplified by the surface crack in Figure 3-9. The boundary surfaces of the crack-
front block are then tied to the master (independent) surface on the global model. 
Qian et al. (2005) verified the mesh-tying procedure in the computation of linear-
elastic and elastic-plastic J integrals, and demonstrated that a proper mesh-tying 
scheme introduced a very small percentage error (<1%) on the calculated J integral 
value. Method II is found to be appropriate for deep and short surface cracks, and 
global models without complicated geometry near the surface crack.  
 
Figure 3-9: Transition elements between the crack-front mesh and the adjacent global 
mesh in Method II.  
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3.2.5 Generation of crack front elements 
Both Methods I and II employ the same crack-front mesh, as described in Figure 3-10. 
The crack-front region consists of several domains of hexahedral elements around the 
crack tip.  The J integral values, and subsequently SIF values, around each node along 
the crack front are derived from the stress and strain fields in these domains.  The 
example mesh in Figure 3-10 comprises of five domains of hexahedral elements.  The 
J domain integral computed from the 2nd to 5th domain converges in the linear-elastic 
analysis, which indicates that the generated mesh is sufficiently refined.    
 
Figure 3-10: (a) Crack-front hexahedral elements; (b) Collapsed elements (first 
domain) around the crack tip. 
Along the crack front, one edge of the hexahedral elements collapses into a single 
node (Figure 3-10). Consequently, the one face of the hexahedral element becomes a 
curve on the crack front. To compute the 1/ r singularity of the linear-elastic stress 
and strain fields near the crack-tip, the midside nodes of the quadratic hexahedral 
elements shifts to the quarter-point close to the collapsed node.  
Regular core elements 
along half crack front 
First ring elements collapsed 
and mid-side nodes moved to 
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3.2.5.1 Crack front mesh generator 
An independent procedure is developed to create the regulated elements around the 
crack front line.  This procedure utilizes a preliminary modeled crack front to generate 
the required mesh. This original crack mesh consists of a series of arranged 
hexahedral elements (Figure 3-11). Every group of 4 original elements will be 
replaced by several domains of radial elements for J-integral evaluation.  
 
 
Figure 3-11: Procedure to generate crack front mesh. 
A computer program is developed based on this procedure. This program is able to 
generate the required crack front mesh for two-dimensional models, as well as for 
three-dimensional through-thickness cracks or where a well-shaped crack exists in 
coarse mesh. For example, the weld root cracks for cruciform joint and doubler-plate 
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3.3 Method verifications 
Since the current study is based on numerical work, the validity and accuracy of the 
results have to be verified by experimental work or generally accepted results.  Since 
no experimental study on the weld root cracking for doubler-plate reinforced joint has 
been carried out, the method is verified in two steps: this section examines the 
accuracy of SIF evaluation for common cracks; the next chapter examines the 
accuracy of fatigue life prediction on load-carrying cruciform joint, which is similar 
to the doubler-plate reinforced joint. 
This section also aims to examine the mesh quality, i.e., to ensure the mesh is refined 
enough to produce satisfactory results.  First, SIF values are often evaluated on 
several rings of elements surrounding the crack tip.  Checking the discrepancy 
amongst the obtained values maintains the expected path-independence, and therefore 
guarantees the mesh itself generates consistent results.  Second, verifications against 
well accepted experimental or numerical results ensure that the mesh generates 
quality results, i.e. the mesh is acceptable if it generates good results. 
The following verification cases can be divided into two categories. The first two 
cases and first part of Case 3 are used to examine the quality of the crack front meshes. 
These meshes are manually generated according to the requirements discussed in 
previous sections. The numerical results are compared with the appropriate classical 
solutions. The second part of Case 3 and the last two cases are used to examine the 
quality of crack meshes generated using the Automatic Mesh Generator. The last two 
cases are associated with practical engineering problems: a stiffener rat-hole 
connection with a weld-toe crack, and a CHS X-joint with a weld toe crack near the 
saddle point. 
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3.3.1 A semi-elliptical surface crack in an infinite body 
This case deals with the SIF evaluation of a semi-elliptical crack in an infinite half–
space as shown in left hand side of Figure 3-12. The crack is loaded in mode I by 
remote tension applied perpendicular to the crack surface. Due to the existence of two 
symmetrical planes, only one-quarter of the body has been analyzed. The finite 
element model is also shown in the right hand side of Figure 3-12. The mesh extends 
to 10 times the crack depth, which minimizes the influence of boundary conditions on 
the solution, in order to simulate an infinite body. This model consists of four 
elements along the half of the crack front. 20-node reduced-integration cubic elements 
(C3D20R) were used, with the midside nodes moved to the ¼ distance on those 
element edges that focus onto the crack-tip nodes. This model has approximate 6000 
degrees of freedom. 
 
Figure 3-12: Geometric configuration for semi-elliptical surface crack and a ¼ FE 
model. 
The SIF values computed by ABAQUS are plotted in Figure 3-13 as functions of 
angular position, along the crack front.  The curve shows a smooth variation of the 
SIF values along the crack front.  The computed values show reasonable path-
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same.  There is some loss of path independence, however, as the crack approaches the 
free surface and hence slight loss of accuracy (less than 5%).  This accuracy loss is 
attributable to the coarse and rather distorted mesh in that region. The SIF along the 
crack front are compared against those obtained by Newman and Raju (1981), who 
used a nodal force method to compute SIF from a finite element model. The two sets 
of SIF values show good agreement, with only noticeable discrepancies at the free 
surface. 
 
Figure 3-13: Results comparison for semi-elliptic surface crack. 
Figure 3-14 plots SIF values obtained from the first 4 rings of contours for several 
nodes along the crack front, including deepest point, node on the free surface and 2 
nodes in between. The figure shows that path-independence is well maintained all 
along the crack line except slight discrepancy at the free surface. Therefore it can be 
concluded that results calculated for most points are accurate while slight loss of 
accuracy at the free surface is obtained. This agrees with the observation in Figure 3-
13. The reason could be attributed to the elements tending to move out-of-plane on 
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the free surface. In the nodal displacement method used in the reference, the out-of-











Figure 3-14: SIF values for first 4 rings of contours.  
3.3.2 Free surface effect on through thickness crack 
This case investigates the stress distribution and the variation of the mode I SIF along 
a straight three-dimensional crack.  The geometry analyzed is a rectangular bar of 
width b, thickness t and length 2h as shown in Figure 3-15.  This bar contains a 
straight crack of depth a.  The analyzed model has the following dimensions: a/b = 
0.5, t/b = 1.5 and h/b = 2.5.  The crack is loaded in mode I by remote tension.   Figure 
3-15 also shows the finite element model. The model consists of four elements along 
the half of the crack front in the model. 20-node reduced-integration cubic elements 
(C3D20R) were used, with the mid-nodes moved to the ¼ distance on those element 
edges that focus onto the crack-tip nodes. The model has a total of approximate 11500 
degrees of freedom. 
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Figure 3-15: Geometric configuration for a straight through crack and FE model. 

















Figure 3-16: Results comparison for straight through crack. 
SIF values computed by ABAQUS are plotted in the diagram as functions of z/t (z is 
the distance from free surface in Figure 3-16). The computed SIF values are 
reasonably path-independent which shows good quality of the mesh. The plotted 
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against plane strain theory near the mid-crack and against the results from Raju (1977) 
and Leung (1995) at the free surface. The SIF values at the free surface are much 
lower than that at the mid-crack. Good agreement at both the free surface and the mid-
crack can be observed. 
3.3.3 A semi-elliptical surface crack in finite-thickness plates 
3.3.3.1 Manually generated mesh 
Figure 3-17 shows the configuration analyzed which is a plate of thickness T 
containing a surface crack of depth a and surface length 2c. The plate was subjected 
to uniform remote tension acting at the far ends.  
 
Figure 3-17: A semi-elliptic surface crack in a finite-thickness plate subjected to 
remote tension. 
A series of studies was carried out on different crack depth a. A typical FE model is 
shown in Figure 3-18. The figure also shows the deformation and stress contour. The 
obtained results are compared against numerical work by Raju and Newman (1977). 
From Figure 3-19, it is observed that for a shallow crack (a/c = 0.2) when boundary 
conditions are far away, the results from the current study match those from the 
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cracks (a/c = 0.6, not shown in the figure). This may be due to the different influences 
of the boundary conditions on different approaches.  
 
Figure 3-18: Typical mesh and stress contour of the crack area. 
 
Figure 3-19: SIF along half crack. 
3.3.3.2 Automatically generated mesh 
The computation of SIF values for a semi-elliptical surface crack in a finite-thickness 
plate is one of the many classical problems reported by Raju and Newman (Newman, 
1979, Newman 1981 and Raju 1977). Figure 3-20 shows the geometric configuration 
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and loading conditions on the plate. The surface crack is located in the middle of the 
finite thickness plate, which is subjected to remote axial tension. In the finite element 
model, both the plate length (L) and width (W) take on sufficiently large values 
(larger than 5 times of the crack length 2c) to minimize the influence of boundary 
constraints on the crack front. The presence of one symmetry plane permits the use of 








Figure 3-20: A semi-elliptical surface crack in finite-thickness plate. 
Figure 3-22 compares the SIF values for two models with different crack depths, 
computed through Methods I and II, with respect to the reported values by Raju and 
Newman (1977).  It can be observed from Figure 3-22 that the predicted SIF values 
by both Method I and Method II provide reasonably accurate results. There are slight 
discrepancies between the two sets of the obtained results and the reference. These 
discrepancies may be due to the loss in the stress / strain translation through the 
transition area, due to the irregular elements used in Method I and the tie constraints 
used in Method II, respectively.  
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Figure 3-21: Global model for a semi-elliptical surface crack in a finite thickness plate 
and the crack-front mesh generated by Method I and Method II. 
























































Figure 3-22: Comparison of SIF values computed for a surface crack in a finite 
thickness plate through Methods I and II with respect to the referenced data.  
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To assess the dependency of the computed SIF values on the mesh density, a more 
refined model (as shown on the left of Figure 3-23) with 33 nodes along half of the 
crack front is used to compute the SIF values for the surface crack in a finite thickness 
plate using Method I.  The original model, as shown in Figure 3-21, contains 13 nodes 
along half of the crack front. Figure 3-23 compares the computed SIF values with the 
two different mesh densities.  For method I, the number of elements along crack front 
equals twice the number of original elements in the intact model.  Thus, in order to 
refine the crack-front mesh, the number of elements in the original intact model needs 
further refinement.  In Figure 3-23, results from both the refined model and the 
normal model agree closely with the reference data. The SIF values computed using 
the refined mesh near the free surface show better correlation with the reference SIF 
values.  
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Figure 3-23: Comparison of the SIF values for a surface crack in a finite thickness 
plate with different mesh density. 
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3.3.4 Rat-hole with a weld toe surface crack 
Figure 3-24 shows the schematic configuration of a rat hole, with a surface crack 
located near the toe of the bottom welds. The figure also shows the basic dimensions 
of the rat hole. The size and aspect ratio of the semi-elliptical surface crack are: 
a/T=0.222 and a/c=0.2.  Due to the existence of symmetry, only a quarter of the 
model is analyzed.  Figure 3-25 shows the finite element mesh with automatically 
generated crack, model II. This model contains 1650 second-order cubic elements. 
Figure 3-25 also shows a reference model, model I, with 6360 second-order cubic 
elements (C3D20) (Choo & Jiang, 2004), The crack-front mesh in both models 
follows the procedure in Method I.  Figure 3-26 compares the SIF values computed 
using two different mesh densities. For the crack-front near the deepest point of the 
surface crack, the SIF values calculated in both meshes agree closely with one another.  
As φ approaches zero (i.e. at the free surface), the refined mesh (Model I) shows 
slightly higher SIF values than the relatively coarse mesh (Model II). This trend of 
SIF increase approaching the free end has also been captured by other researchers, for 











Figure 3-24: Schematic configuration of a stiffener rat hole. 
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Figure 3-25: Finite element models a stiffener rat hole with two different mesh 
densities. 

















Figure 3-26: SIF values computed for the stiffener rat hole with two different mesh 
densities.  
3.3.5 CHS X-joint with weld toe crack 
Qian et al. (2005) reported a study on mixed-mode stress intensity factors for circular 
hollow section (CHS) X-joints under remote brace axial tension. The present study 
compares SIF values calculated using the current meshing schemes with the results 
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reported by Qian et al. (2005).  Figure 3-27 shows the schematic configuration of a 
circular hollow section X-joint, together with the geometrical and dimensionless 
parameters. The selected CHS X-joint has a chord outer diameter of d0=406 mm, with 
brace-to-chord diameter ratio β = 0.8, chord radius-to-wall thickness ratio γ = 9 and 
brace-to-chord thickness ratio τ = 1.0.  The chord and brace ends are located four 
times diameter ratio (that is, 4d0 and 4d1) away from the brace-chord intersection 
respectively.  The surface crack, with a/t0 = 0.22 and a/c = 0.25, resides near the weld 
toe of the saddle point.  Figure 3-28 shows the finite element mesh for the X-joint 
with a weld toe crack near the saddle point.  The connectivity between the local crack-
front model and the global mesh employs the procedure illustrated in Method II as 















Saddle point  
 
Figure 3-27: Schematic configuration of an X-joint. 
Figure 3-29 shows that the computed SIF values match the referenced data (Qian et al, 
2005) closely along the crack front. However discrepancy is observed where the crack 
front approaches the free surface. This may be due to the loss of accuracy in the 
transition region as indicated in previous sections.    
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Figure 3-28: Finite element model for an X-joint with a surface crack at the weld toe 
of the saddle point. 


























Figure 3-29: Comparison of SIF values between the current study and the referenced 
results. 
3.4 Summary 
The verification results show that while the mesh quality plays an important role in 
finite element analysis, the evaluation of SIF by J-integral contour is proved to be 
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robust for well structured coarse mesh. The required mesh density and quality have 
also been determined through the verification cases.   
This chapter presents an automatic procedure in generating surface cracks in a global 
intact finite element (FE) model of arbitrary geometry.  The connectivity between the 
global mesh and the crack-front mesh may be specified using two alternative 
procedures: transition through tetrahedral and pyramidal elements, or mesh-tying.  
The verification study on the classical problems demonstrates the accuracy of SIF 
values obtained using the proposed approach.  The current mesh generator outputs 
ABAQUS file format.  However, this program can be easily modified to suit other FE 
software packages.  
The present investigation supports the following conclusions:  
• The crack mesh generation procedure standardizes the crack-front mesh, and 
reduces significantly the time needed for a manual mesh building procedure. 
• The proposed crack mesh generator can generate semi-elliptical surface crack-
front mesh for global model of many different configurations.  
• The “embedding” procedure employed in the current study causes marginal error 
in the SIF values computed for the selected geometries.  Normally, a mesh 
transition using tetrahedral and pyramidal elements can be less accurate if the 
mesh-tied surface is located near to the crack surface.   The adoption of tetrahedral 
and pyramidal elements in the transition region may cause some oscillation in the 
computed SIF values near the free surface.  The “embedding” approach, through 
tetrahedral and pyramidal elements, has also been employed by previous 
researchers (Lee et al, 2005; Lie et al, 2002 and 2005) for the mesh generation of 
the circular hollow section joints. 
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• For the mesh-tied model, the location of the mesh-tied surface depends on the 
configuration of the global model. As a general rule, the tied surface should be 
located far away from both the crack surface and regions where significant 
bending stress exists. 
• Lost of accuracy has been observed where the crack front approaches the free 
surface which can be attributed to the transition region or the tied surface 
constraints which fails to transfer the stress/strain accurately in this highly 
distorted area. However, it is to be noted that for a surface crack, the most critical 
failure mode due to fatigue is through thickness failure, which depends mostly on 
the SIF at the deepest point (with the highest SIF value). The proposed mesh 
captures  this point accurately as compared to the referenced results.  
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CHAPTER 4 STRESS INTENSITY FACTOR OF RAT-
HOLE FOR INSPECTION PLANNING 
4.1 Introduction 
4.1.1 Background  
Offshore installations like Floating Production Storage and Offloading vessels 
(FPSO’s) are designed to ensure safe and economical operations during the intended 
service life of the installation. Deterioration processes, such as fatigue crack growth, 
take place from the very moment they are installed at the offshore location. Thus in 
order to ensure that the condition of the installations remains in compliance with the 
safety requirements throughout their operational life a certain amount of inspections, 
condition monitoring and maintenance is required throughout the service life.   DnV 
(2003a) presented a risk-based inspection planning process for fatigue crack growth to 
demonstrate how cost-optimization can be applied to optimize the inspection interval 
and how the inspection frequency increases with increased fatigue life. This chapter 
reports the detailed numerical study carried out on rat-hole in FPSO bottom hull, 
which has been used by DnV (2003a) as a case study to support their proposed 
inspection planning.    
4.1.2 Introduction to inspection planning  
Different deterioration processes will follow different patterns both time wise and in 
terms of location on the offshore installation.  The evolution of these processes is 
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associated with significant uncertainty.  A possible prediction of future deterioration 
may be formulated by statistical or probabilistic models, into which information about 
the actually occurring deterioration, collected by inspections, may beneficially be 
introduced.  Further inspection can be used as a means of identifying deterioration 
before it becomes critical. 
Inspections are also subjected to substantial uncertainties.  The quality of inspections 
is normally quantified in terms of their ability to detect and determine the size of the 
defect under consideration.  Inspection strategies are specified in terms of inspection 
method, time intervals and coverage.  These strategies have a strong relationship to 
the safety which is achieved as a result of the inspection.  
Figure 4-1 (DnV, 2003a) illustrates the development of an uncertain deterioration and 
the resulting failure with time, and how a future inspection may influence these 
quantities.  The predicted deterioration as function of time is shown in the upper part, 
while the development of the resulting probability of failure is shown in lower part.   
It can be observed that the predicted deterioration changes significantly when the 
observed deterioration is used to update the probabilistic model at the time of the first 
inspection t1.  If dcrit (corresponding to PoFcrit) is assumed to be a critical “size” of the 
expected value of the predicted deterioration, inspections should be planned such that 
this specified deterioration is not exceeded.  Without inspection the deterioration is 
expected to exceed the critical value at time t2.  However, if a moderate amount of 
deterioration is observed at time t1 (as indicated in Figure 4-1), the deterioration 
should not exceed the critical value until a later time t3.  
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Figure 4-1: Illustration of predicted future deterioration (DnV, 2003a). 
Therefore, the objective of inspection planning is to identify an inspection strategy 
that in a cost efficient way ensures that legislative and operator requirements to safety 
are fulfilled.  
Risk-Based Inspection planning (RBI), proposed by DnV (2003a), provides a 
consistent framework for decision making under uncertainties.  The main principle 
behind the approach is that different inspection strategies are compared in terms of the 
risk (likelihood and consequence of failure) they imply.  This approach is condition 
based, i.e. the inspection effort is adapted to the condition and importance of 
individual items, and different deterioration mechanisms.  In principle, the acceptance 
criteria for the operation of offshore installations are given for the installations as a 
whole and not for individual items.  Therefore, RBI should, optimally, be performed 
for the facility as a whole, targeting and balancing all inspection efforts for process 
systems and structures simultaneously to achieve the safety requirements. 
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RBI is targeted to control the risk level of the offshore installation over the service 
time and to initiate cost efficient actions if found required.  In order to control the risk 
level, it is necessary to determine the probability for different failure scenarios over 
the service life, both for the individual components and for the installation as a whole. 
It is also important to take into account the effect of planned inspections and repair 
activities as well as the results of past inspections.   
DnV (2003a) suggest that a simplified event tree, as shown in Figure 4-2, may be 
applied in the inspection planning process.  Based on the defined cost optimal target 
failure probability, the inspection plan with respect to the time of the inspections over 
the service life is derived.  An inspection can be specified when the failure probability 
exceeds the target value.  
 
Figure 4-2: Simplified event tree as applied in inspection planning process (DnV, 
2003a).  
4.1.3 Case study on rat-hole 
To support the proposed RBI planning, DnV (2003a) provided a case study based on 
rat-hole on bottom shell plating of a FPSO.  The basis for which is the prediction of 
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propagation of the toe crack.  To achieve this target, accurate evaluation of stress 
distribution and Stress Intensity Factor (SIF) values for various cracks are necessary.  
A rat-hole at an erection butt weld on bottom shell plate is shown in Figure 4-3.  
 
Figure 4-3: Photo of a typical rat-hole. 
A rat-hole may contain as many as three welds (as sketched in Figure 4-4, also 
indicated in Figure 4-3): one butt weld joins the base plates (1), a second butt weld 
joins the stiffener plates (2), and a fillet weld or butt weld connects the stiffener plate 
bottom to the base plate (3).  Stress concentrations are commonly expected at weld 
toes.  Besides, the stress concentrations due to the geometric configuration of the rat-
hole are more severe.  Fatigue concern for this type of structure subjected to cyclic 
loading is mostly focused on these stress-concentrated areas. 
The effect of the plate butt weld (1) is considered to be similar to that of a butt weld in 
plate without stiffener for which a number of studies have been carried out.  A similar 
situation is with the stiffener butt weld.  This study focused on the end of stiffener 




Chapter 4  Stress intensity factor of rat-hole for inspection planning 
 - 69 - 
 
Figure 4-4: Rat-hole configuration. 
4.2 Stress analysis  
4.2.1 FE model for stress analysis 
The pattern of the crack growth depends significantly on the through thickness stress 
distribution.  It is therefore important to obtain the stress distribution in order to 
obtain a good prediction of the crack growth and to include inspection results to 
update the crack growth model.  Detailed 3D finite element (FE) analyses have been 
performed for the selected detail in order to account for the local stress concentrations 
due to geometrical effects and the effect of the weld toe.  
This study started with a rat-hole specimen without the presence of a crack.  It was 
analyzed by finite element analysis to identify the critical locations.  Due to the 
presence of two symmetry planes, only a quarter of the specimen was modeled. 
Model details and dimensions are shown in Figure 4-5.  The model was subjected to 
uniform far-end tension acting on both base plate and the stiffener.  The boundary 
conditions and loadings applied are also shown in Figure 4-5.  As the study was 
carried out in linear elastic analyses, unit load (1MPa) was used for all the analyses. 
Other results can be obtained by proportioning to required load magnitudes. 
Front view Section A-A 
Bottom weld (3) 
Stiffener weld (2) 
Plate weld (1) 
A 
A 
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The finite element analyses were carried out using ABAQUS/Standard 6.3.1.  Second 
order solid elements (C3D20) were used for all analyses.  A typical model contained 
around 3000 elements.  Material used was steel with elastic modulus E = 205000 MPa 
and Poisson’s ratio ν = 0.3.  
 
Figure 4-5: Quarter-model definition and loading / boundary conditions. 
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Surface of symmetry 
Uniform 












Chapter 4  Stress intensity factor of rat-hole for inspection planning 
 - 71 - 
A typical model for stress analysis is shown in Figure 4-6.  The highest stress 
concentration can be observed at the weld toe of stiffener bottom weld end as 
expected.  Another stress concentration is observed at the rat-hole edge.  
4.2.2 Model size study 
The dimensions of the base plate and the stiffener were selected such that the 
boundary and loading conditions were applied far away from the area of interest to 
exclude their influence on local details.  The uniform load could thus be appropriately 
deemed as nominal load.  To ensure that both the loading and boundary conditions 
were defined sufficiently far away from the area of interest, an enlarged model was 
studied in comparison.  Two of the dimensions were significantly increased, the base 
plate width and the stiffener height, as shown in Figure 4-7.  
 
Figure 4-7: Enlarged model. 
The stress distribution along curve “S” (in Figure 4-7) was analyzed to study the 
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enlarged model.  From this comparison, it is shown that the size of the model does 
have influence on local stress distribution. However, the difference between two 
models is smaller than 1.5%, which means that the typical model is large enough and 
the loading and boundary conditions are defined sufficiently far away.  The difference 
caused by the change of model size is negligible.  In addition, the regular size model 
predicts marginally higher stresses, and is thus conservative. Therefore, the stress 
intensity factor evaluation was carried out using the standard model size. 

















Distance from center (mm)
 Regular size
 Extended plate and stiffener
 
Figure 4-8: Model size study (curves show stress distribution along curve ‘S’). 
4.2.3 Stress analysis results 
The obtained stress distribution is shown in Figure 4-9 (please note that the axes in 
the figure are not drawn to scale).  The stress distribution along the centerline from 
the FE analysis is compared to the parametric equation for stress magnification factor 
kM  given in BS 7910 (1999) (as indicated in section M.5.1.2 Solution based on 2D 
FE analysis), as shown in Figure 4-10.   As can be seen, although the stress 
concentration factors (SCF’s) at the surface is almost identical (about 2.55), the 3D 
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FE analysis provides significantly higher stresses through the thickness than the 
kM given in BS 7910. The reason is the difference between 2-D (plane strain) 
assumption and the 3-D configuration. Unlike the assumption of the same cross 
section through thickness in the plane strain case, the real thickness of the vertical 
plate is limited. There is thus a second stress concentration effect (in direction (2) in 
Figure 4-9).  
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BS 7910, 2D model
3D FE Analysis
 
Figure 4-10: Comparison of SCF from the FE analysis and BS 7910 (2D model). 
Using the calculated SCF, a fracture mechanics (FM) fatigue approach can be applied 
based on the 2-dimensional crack propagation model, where the crack growth rate is 
calculated using Paris equation (DnV, 2003a), assuming the material constants 
C=5.21E-13 and m=3.   The local stress concentrations due to geometrical effects and 
the effect of the weld toe are included using the results from the 3D FE analysis and 
also by using the parametric equation for stress magnification factor kM  given in BS 
7910 (2D model): 
, when  , or 
, when  
Where a is the crack depth and the T the base plate thickness.  
Parametric equations are given in BS 7910 for calculating the geometric function as a 
function of the crack size (depth and length) and the stress distribution.  Figure 4-11 
shows the normalized crack growth pattern when geometric function for pure 
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membrane stresses is applied for three different models for the stress magnification 
factor, i.e.:  
 : kM is calculated using the results from the 3D FEA, 
: kM is calculated using the results from the 3D FEA, but only the variation in 
the depth is included,  
: kM is calculated by the parametric equations given in BS 7910 (2D model). 
It can be observed that when geometric function for pure membrane stress is applied 
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Figure 4-11: Calculated crack growth obtained using different geometric functions 
(DnV, 2003a).  
4.3 Stress intensity factor evaluation 
In order to evaluate the kM  and the associated geometric function, the calculated 
stress intensity factor (SIF) using the different models is compared to the SIF obtained 
from the 3D FE analysis. SIF values were evaluated for semi-circular or semi-
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elliptical surface cracks at the weld end toe.  Parametric study on crack length and 
depth was also carried out.  
4.3.1 FE models for SIF evaluation 
The finite element models were generated by MSC.Patran (2001) and the analyses 
were carried out using ABAQUS/Standard 6.3.1, with its built-in functions of J-
integral contour and stress intensity factor evaluation.  Second order solid elements 
(C3D20) were used for all analyses.  A typical model contained around 5000 elements. 
Material used was steel with elastic modulus E = 205000 MPa and Poisson’s ratio ν = 
0.3. 
The crack front mesh was generated using the program as mentioned in Chapter 3. By 
modifying the elements along the crack front, the required numbers of rings of regular 
elements as well as the special first ring elements were generated. 
 
Figure 4-12: A typical FE model with short crack (symmetrical model). 
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Figure 4-13: A typical FE model with long crack (symmetrical model). 
There are two types of cracks to be analyzed at the weld toe.  One is a short crack that 
the free end of the crack is located at the toe of the stiffener bottom weld end.  The 
other one is a long crack, i.e. the free end of the crack is located away from the 
stiffener bottom weld.  Two types of FE models were designed respectively, as shown 
in Figure 4-12 and Figure 4-13. 
4.3.2 Stress intensity factors evaluation results  
In the evaluation of SIF by the method of J-integral contour (virtual crack extension) 
as used in this study, path independence is a good indicator in assessing the quality of 
the results.  From each analysis, SIF could be obtained from each of the 5 rings of 
elements from the FE model used.  The first ring result was discarded as it was 
somewhat unsteady due to the presence of the singularity, as most of the researchers 
would do.  Good path independence was observed from the remaining rings of results. 
Deviation from the 2nd to 5th ring of results was smaller than 1%.  However, there is 
one exception in each crack, the only point that did lose the path independence. It is 
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the point of the free end.  For a non-pure tension case (shear and torsion exist 
especially at the weld toe), this kind of free surface distortion could not be avoided in 
evaluation of SIF by J-integral contour. 
As two types of FE models, short crack and long crack, were used in the analyses, the 
results can also be categorized into two types.  Stress intensity factors along crack 
front for two typical cracks are shown in Figure 4-14.  The angle Φ in the figure 
which is related to the crack front local coordinate defined as shown in Figure 4-15. 















 a=8, 2c=20, Short crack
 a=8, 2c=40, Long crack
 
Figure 4-14: Typical SIF curves for two types of cracks. 
 
Figure 4-15:  Definition of φ  for local coordinate P. 
Figure 4-16 shows the local deformation of a “long” crack, which has its free end 
located away from the stiffener bottom weld.  This crack is more or less similar to the 
φ
c 
a Crack front 
0 
P 
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case of a surface crack in a finite-thickness plate, as studied in the verification case 
(Chapter 3 of this thesis).  It is because in an un-cracked model, stress concentration 
at the position where the crack free end was later located was not significant. 
Meanwhile, the stress concentration in the base plate section is mainly within a small 
range from the upper surface of the base plate.  Therefore, for this type of crack, the 
SIF at the free end is smaller than that at the deepest point.  The whole curve appears 
similar to that from a surface crack in a finite-thickness plate (reported in the 
verification cases), especially for deep cracks.  Besides, the free surface distortion at 
the free end of the crack is less significant.  
 
Figure 4-16: Deformation of long crack (exaggerated 50 times). 
Figure 4-17 plots SIF value along 3 “long” cracks with different lengths and depths. 
For the 2 cracks with same surface length, it is clearly shown that deeper crack results 
in higher SIF.  For the 2 cracks with same depth, longer crack results in higher SIF at 
the deepest point (2Φ/π = 1).  However, at the free end, the shorter crack results in 
higher SIF than the longer one.  This also agrees with the results of the surface crack 
in finite-thickness plate (as reported by Murakami, 1987). 
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Figure 4-17: SIF for 3 “long” cracks with different lengths depths. 
A second type of local deformation is the “short” crack which has its free end located 
right on the weld toe of the stiffener bottom weld end, as shown in Figure 4-18.  For 
this type of crack, the severe stress concentration at the weld toe has a strong effect 
such that the SIF value obtained at the free end is higher than that at the deepest point. 
SIF along the whole crack is strongly influenced by the stress concentration at the 
stiffener bottom weld end, especially for shallow cracks.  The free surface distortion 
is so large that the SIF at the free end of the crack is significantly deviated from the 
variation trend of SIF along the crack front (Figure 4-14).  
 
Figure 4-18: Deformation of short crack (exaggerated 50 times). 
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Mesh refinement study was carried out prior to the parametric study.  Two models 
were built on one configuration of crack and the SIF are shown in Figure 4-19.  These 
two models have the same number of points along the crack curve.  However, the 
distribution of these nodes along the curve is different.  Model 1 (in Figure 4-19) has 
more of its points positioned near to the free end that it is much more refined in the 
area around the free end.  Good agreement is observed through the full crack length 
except at the a few points near to the free end.  It is necessary to use the FE mesh of 
model 1, which places more points near the free end of the crack, due to two reasons. 
The first is the need to simulate the highly-curved crack line near the free end in a 
semi-elliptical crack.  The second is that the stress is more concentrated near the 
upper surface of the base plate.  FE meshes similar to model 1 were believed to be 
refined enough and were used for the parametric study.  


















Crack size: a=4, 2c=80
 
Figure 4-19: Mesh refinement study. 
Stress intensity factors were evaluated for the selected range of crack configurations 
as requested by the joint industry project.  Table of crack configurations (Table 4-1) 
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shows the range of the parametric study.  14 cracks were analyzed, of which 4 are 
semi-circular cracks (□), 7 are semi -elliptical short cracks (○) and 3 semi -elliptical 
long cracks (●).  
Table 4-1: Table of crack configurations (units: mm). 
Crack 
depth (a) 
Crack length (2c) 
1 2 4 8 12 20 40 80 
0.5 □ ○       
1  □ ○      
2   □ ○ ○    
4    □ ○ ○ ●  
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Crack depth = 8.0 mm
 
Figure 4-20: SIF obtained by 3D FE analysis and calculated by fracture mechanics 
model (DnV, 2003a).  
The comparisons of the SIF obtained using the fracture mechanics model and the SIF 
from the FE analysis are shown in Figure 4-20.  It is observed that when geometric 
function for pure membrane stresses are applied, the SIF calculated by fracture 
mechanics model fits well to the SIF obtained by FE analysis.  As mentioned above, 
when geometric functions for pure membrane stress is applied the crack growth 
pattern obtained using kM modeled according to BS 7910 (1999, 2D model) is similar 
to what is obtained using the complex stress field obtained by FE analysis. It is 
therefore recommended to apply geometric functions for pure membrane stress and 
the kM according to BS 7910 (2D model) in crack growth analysis. 
4.4 Summary 
In this chapter, numerical study carried out on a rat-hole configuration was reported. 
Parametric study was carried out on semi-elliptical surface cracks at the weld toe.  For 
“short” cracks (as defined in this chapter), it is found that the weld toe has significant 
influence on the SIF values, especially near to the free end.  The calculated SIF values 
near to the free end are found to be dramatically higher than the rest of the points 
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along the full crack front.   However, researchers suggested that the SIF at the surface 
is strongly affected by the 3-D effect and that the computed value is not reliable 
(Leung, 1995).  The high SIF values approaching the free end imply that the crack 
propagation is very likely to go along the welded edge in the surface in a much higher 
rate.  This remains a question mark before the actual influence of the weld toe is fully 
understood. 
When the crack free end is located away from the weld toe (“long” cracks), the 
deepest point is still the critical position, which is similar to common case of surface 
crack in a finite-thickness plate.  The crack growth in the through-thickness direction 
is still the main concern.  For this type of cracks, deeper or longer cracks result in 
higher SIF at the deepest point. 
Generally, stress distribution and SIF values obtained from the present FE study fit 
well with related Fracture Mechanics (FM) approaches recommended in BS7910 
(1999). The obtained numerical results have been summarized in a database and used 
by DnV (2003a) as a case study to their proposed RBI planning, as part of a joint 
industry project.  
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CHAPTER 5 LOAD-CARRYING CRUCIFORM JOINT 
5.1 Introduction 
In many practical cases, e.g. the fillet weld around the ends of a scallop, a stress 
concentration exists in the longitudinal direction of the weld. Up to now it is not clear 
how stress concentrations at the weld root of fillet welds around attachment ends 
affect the root cracking behavior. Most structural models which are commonly used 
for the fatigue assessment of a ship structure e.g. finite element models related to the 
structural stress concept (hot spot concept), do not consider the un-welded root gap at 
fillet weld connections. Most fatigue design rules, e.g. DnV (2005), IIW (2004), etc., 
focus on cracks starting at the weld toe. Recommendations for weld root cracking 
exist only for simple cruciform joints which can be reduced to a two-dimensional 
problem where there is no stress variation in the longitudinal direction of the weld. As 
mentioned in the Chapter 2 of this thesis, some researchers have studied this type of 
load-carrying cruciform joint.  
The cruciform joint is selected for verification because it is similar to a doubler-plate 
reinforced connection to certain extent, in considering weld root cracking and root 
gap corner. However, they are different in a few aspects: first, for a load-carrying 
cruciform joint, one dimension of the brace is so small that it can be considered rigid 
body when loaded in the out-of-plane direction. Second, out-of-plane tension is the 
main reason for the root cracking for a load-carrying cruciform joint. This results in 
different cracking mode at the weld root. For a load-carrying cruciform joint, the root 
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crack is mainly subjected to mode I opening with negligible mode II and possible 
mode III cracking at the corners. In contrast, for a doubler plate reinforced connection, 
mode II cracking at the weld root may be as significant as or even higher than the 
mode I cracking when in-plane loads act. However, a thorough study on load-carrying 
cruciform joint provides good experience and confidence in assisting the study on 
doubler plate reinforced connections.  
5.2 Two-dimensional study on weld root 
5.2.1 DnV procedure for fatigue assessment 
The following presents the fatigue assessment procedure as described in DNV-RP-
C203 (DnV, 2005): 
For potential fatigue cracking at (parallel to) the weld toe, stresses normal to the weld, 
SCF can be obtained from the appendix of DNV-RP-C203.  
The hot spot stress is derived as: 
 nominalhs SCF σσ ⋅=  (5.1) 
For potential fatigue cracking from the weld root, the relevant stress range for 
potential cracks in the weld throat of load-carrying fillet-welded joints and partial 
penetration welded joints may be found as (DnV, 2005) 
 2||
22 2.0 ττσσ ∆+∆+∆=∆ ⊥⊥W  (5.2) 
The stress components used in this equation are shown in Figure 5-1. Equation (5.2) is 
a general equation for fatigue design of fillet welds subjected to a complex loading. 
Lotsberg (2000) has made a comparison with experimental data for components 
subjected to a complex dynamic loading.  
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Figure 5-1: Stress components in fillet weld. 
As shown in Figure 5-2, assuming that there is tensile stress in the plate normal to the 
fillet weld, P, as well as a shear stress in the plate parallel to the weld, T, the 45° 
(from the plate) plane (of width a) in the weld can be assessed as follows:  





=τ  (5.3) 
where τ|| is the mean nominal shear stress in the weld as shown in Figure 5-1, a is the 
throat thickness of weld, t the plate thickness, as shown in Figure 5-2. 
Equilibrium of plate in section normal to the weld gives: 
 Pta =+ ⊥⊥ 22
2)( στ   (5.4) 





== ⊥⊥ στ   (5.5) 
Then from Equation (5.2) a combined stress is obtained with use of Equations (5.3) 
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Figure 5-2: Stress in section normal to the weld. 
5.2.2 Existing SIF solutions for cruciform joint 
Empirical solutions for weld root cracking exist for simple cruciform joints which can 
be reduced to a two-dimensional problem where there is no stress variation in the 
longitudinal direction of the weld. These are developed by different researchers in 
considering the major parameters: brace wall thickness T (Figure 5-3), plate thickness 
B, weld leg length (h or aw), original root crack length 2aroot and far end tension load S. 
These solutions deal with mode I SIF only. They are powerful in the prediction of 
weld root cracking fatigue life within their valid range. 
One of the popular solutions, given by Murakami (1986): 
 sec rootI k root
aK M S a
w
π







a aM A A A
w w
   = + +   
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 (5.8) 
S, aroot and w = T+2h are parameters in Figure 5-3. Valid range for this equation is: 
T/B = 1, 0.2 < h/T < 1.2 and 0.1 < 2aroot/w < 0.7. 
 
Figure 5-3: Configurations for cruciform joint 
5.2.3 Fatigue life prediction 
Fatigue life evaluation was carried out based on two-dimensional finite element 
simulation of root crack propagation for a load-carrying cruciform joint. Plane strain 
condition was assumed for the model so that the results are representing the center 
slide of the specimen. SIF values were first calculated for the original crack, as well 
as the crack propagation angle. The maximum energy release rate (MERR) 
(ABAQUS, 2001) criterion was applied. The crack would then grow a pre-defined 









from weld toe 
Crack starting 
from weld root 
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nearest position to the surface accounting for the convenience of FE modeling. FE 
mesh for the last step is shown in Figure 5-4. Although the process did not end at the 
surface, the difference thus caused was not significant as the crack growth rate was so 
high that the cycles used to develop this part could be neglected.  
Since both mode I and mode II SIF exist at the crack tip, the effective SIF was used in 
the integration of Paris’ equation: 







Figure 5-4: Two-dimensional plane strain analysis of root crack. 
Figure 5-5 shows effective SIF by Doerk (2003) and the current study as compared to 
the empirical solution (Equation (5.6)) KI. The two Keff  solutions are higher and hence 
more conservative because the empirical solution does not take KII into account, 
although KII is much smaller than KI. The crack propagation is assumed to be 
restricted in the plane of the original root gap in a pure KI crack opening which does 
not fully agree with the real situation. The calculated Keff in the current study agree 
very well with the numerical work by Doerk (2003), except the difference in the 
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 Doerk(2003) aw=4mm 
 Doerk(2003) aw=6mm
 Current study aw=4mm
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Figure 5-5: Effective SIF versus the crack depth of the two-dimensional models for 
σnomw = 95 N/mm2. 
Figure 5-6 shows the load cycles for σnomw = 95 N/mm2 (σnomw is the nominal stress in 
fillet weld) versus crack depth based on two-dimensional modeling. It is observed that 
crack growth rate is increasing with an increase of the crack depth. The integration for 
cyclic life does not end at the weld surface which is the actual failure condition. The 
difference between the end of the integration and the actual failure is not significant 
because the crack is growing so fast in this period that the cycles taken to develop this 
portion is negligible compared to the propagation life, as can be observed from Figure 
5-6. 
The difference can also be observed in the calculated crack developing speeds, due to 
the use of different equivalent SIF (Keff), as described in previous chapter. Basically, 
for this case, the equation used by Doerk provides higher Keff  than that of the current 
study, and both are higher than pure KI in which the contribution of KII is neglected.   
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Figure 5-6: Crack depth versus the load cycles of the two-dimensional models for 
σnomw = 95 N/mm2. 
Fatigue lives have been calculated from numerical and empirical results on simple 
load-carrying cruciform joint, following Paris’ equation and assuming material 
constants C=5.21E-13 and m=3. These are compared with fatigue test results (DnV, 
2003b) in Figure 5-7. It is observed that the difference between the current study and 
a pure KI solution is not significant because the KII is much smaller than KI in this 
case. The numerical prediction shows good agreement with the fatigue tests.  
This comparison also shows that the nominal shear stress in the weld (the so-called 
“engineering shear stress”) is a good indication in evaluating the weld root failure. 
When it is adopted as the nominal stress, the scatter of the test results from various 
geometric configurations and various loading or boundary conditions are well 
controlled. The mean value is close to the numerical prediction. 
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Figure 5-7: Results compare on S-N plot. 
5.3 Three-dimensional study on weld root  
Doerk’s (2003) fatigue tests took into account the weld ends. Meanwhile, three-
dimensional finite element analyses were carried out on selected specimens. His 
investigation was performed on specimens shown in Figure 5-8, which were subjected 
to cyclic loads in the vertical direction. A stress concentration occurs at the ends of 
the upper plate due to the rounded notches. This results in increased stresses at the 
upper weld toe as well as at the un-welded root gap. In spite of this stress 
concentration, the fatigue tests have shown that cracks do not necessarily start at the 
notched area but in the centre part of the specimen, which is due to additional factors 
such as beneficial residual stresses in the notched area induced by longitudinal weld 
shrinkage. 
Two types of joints were investigated in the current study. Their specifications are 
shown in Figure 5-8. Two specimens share most of the configurations, except B1 has 
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by uniform tension at the far end. Loading amplitude cycles from 0 to maximum 
tension, i.e. R = 0.  
 
Figure 5-8: Cruciform joint specimens, all unites in mm, fillet weld throat thickness a 
= 4mm, plate thickness t = 12mm, drawing is not to scale. 
5.3.1 Finite element models 
There are two planes of symmetry in specimen A1. Therefore a quarter of the 
specimen was analyzed as shown in Figure 5-9. For specimen B1, there is only one 
plane of symmetry so that a half model was analyzed (Figure 5-10). Second-order 
solid elements were used for all the FE models. Material used is structural steel with 
elastic modulus E = 205GPa and Poisson’s ratio ν = 0.3. 
Figure 5-9 shows the quarter model for specimen A1. Two root gaps are defined in 
this model as indicated. The residual stress and crack closure effects were not 




< t > 
180 
a 









Chapter 5 Load-carrying cruciform joint 
- 95 -  
included. Therefore, higher stress concentration is observed at the notched side. As 
higher SIF governs, crack propagation is only simulated at the notched side. The root 
gap at un-notched side was unchanged throughout the whole process. 
  
Figure 5-9: Quarter model of specimen A1. 
Figure 5-10 shows the half model for specimen B1. Similarly, two root gaps are 
defined in the model as indicated and only the crack propagation at the notched side is 
simulated.  
 
Figure 5-10: Half model of specimen B1. 
Figure 5-11 shows deformed shapes of specimen A1 and B1. Out-of-plane bending 
effect is only observed in model B1 which is caused by the misalignment. This 
Root gap 1 
Root gap 2 
Root gap 2 
Root gap 1 
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bending effect causes the root gap at the notched side to grow un-balanced on two 
longer edges as elaborated in the following paragraphs.  
  
Figure 5-11: Deformed shapes of model A1 (left) and B1 (right), with deformation 
exaggerated.  
5.3.2 SIF for original root gap 
Three types of SIF were first evaluated for original root gap, as well as the energy 
release rate J. These three SIF uniquely define the root crack propagation rate and 
direction. 
5.3.2.1 Specimen A1 
Figure 5-12 plots three types of SIF of the initial root crack against local crack front 
coordinate for specimen A1. The corner where the two perpendicular welds meet with 
a fillet (of radius 2mm) is marked grey. As can be seen in Figure 5-12 the values of KI 
are much higher than the values of KII and KIII. The maximum of KI is located at the 
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end of the root gap of the notched plate so that this location becomes theoretically 
critical. A second maximum of KI at the notched plate, which is slightly lower than 
the first one, exists in the area just before the end corner. Responsible for this KI 
distribution is the stress concentration due to the cut-outs at the ends of the notched 
plate. The distribution of KII and KIII along the initial crack front shows the influence 
of shearing and tearing loads. Especially at the end of the notched plate relatively 
large values can be observed at the notched plate. 
 
Figure 5-12: SIF at initial root cracks of specimen type A1 for σnomw = 95N/mm2. 
5.3.2.2 Specimen B1 
Figure 5-13 shows the SIF for initial root crack at the notched plate plotted against 
local crack front coordinate for specimen B1, in comparison with A1. Due to the 
asymmetry caused by the out-of-plane bending effect, SIF are plotted on both tension 
side and compression side. Different curves are summarized in Table 5-1. It can be 
observed that the bending effect causes additional positive or negative tension on 
either side that causes the increase and decrease in KI from the basis of specimen A1. 
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This bending effect also causes changes in KII and KIII in a contrary way, i.e. on the 
side KI is increased, KII and KIII are reduced. However, KI is still much higher than KII 
and KIII on both sides. Theoretically, the critical position is still located at the end of 
the root gap of the notched plate where maximum KI achieved. A second maximum KI 
at the tension side is nearly as high as the maximum KI which makes it another 
possible critical position.  
































Local crack front coordinate  
Figure 5-13: SIF compare for initial root crack for specimen A1 and B1 (4mm 
misalignment) for σnomw = 95N/mm2. Curves are as defined in Table 5-1. 
Table 5-1: Curve numbers for SIF comparison. 
 A1 B1 compression side B1 tension side 
KI 1 4 7 
KII 2 5 8 
KIII 3 6 9 
These SIF values describe the stress status at the original root gap. They provide a 
preliminary prediction of where the fatigue failure may occur. Due to the 
simplifications made to the finite element models, (e.g. no residual stress was 
accounted for), the actual failure observed in fatigue tests may not be at those 
(mm) 
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expected critical positions. These values also serve as SIF at initial crack length in the 
following fatigue life prediction.  
5.3.3 Nominal stress in weld 
Engineering stress in the weld was checked to verify the conclusion drawn from the 
SIF evaluation. Since the stress in the weld throat section is not distributed evenly 
along the weld, it was studied on several selected routes as shown in Figure 5-14.  
 
Figure 5-14: Routes in weld throat section for stress extraction. 
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Stresses along the vertical direction, i.e. the in-plane tension direction, were plotted in 
Figure 5-15. Highest stress was observed at the symmetry surface (route 5), which 
matches the SIF evaluation.   
5.3.4 Fatigue life prediction 
This section investigates crack propagation simulation and fatigue life prediction. 
There are two major questions in predicting the crack propagation: crack front shape 
and crack growth rate.  
5.3.4.1 Crack front shape 
The root gap between the base plate and the notched plate is considered as the original 
crack and its edges are taken as the original crack front. A Multiple Degree-of-
Freedom (MDOF, Lin et al, 1999b) method was adopted to determine the crack front 
shape at each step of the propagation. SIF were estimated at a set of points along the 
crack front, and then the crack growth increments were calculated at these points 
invoking a fatigue crack growth relationship.  
Due to the existence KII and KIII along crack front, the root crack may grow out of the 
root gap surface, and the direction may vary along the crack front due to the variation 
of KII and KIII.  Therefore, the maximum energy release rate (MERR, ABAQUS, 2001) 
criterion was adopted in determining the crack growth direction at each point. 
Based on the calculated increment and direction at each point, a new crack front could 
be established using a cubic spline approximation implemented in PATRAN pre-
processor, one step away from the original crack. A new set of SIF values were then 
calculated based on the propagated crack front. The process was repeated a number of 
steps as required to simulate the crack propagation.  
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5.3.4.2 Crack propagation rate 
Based on the calculation of crack front shape, the propagation can be simulated step 
by step from the original crack to failure. However, due to the complexity of the 
model, the whole process was divided into a limited number of steps. This is 
acceptable as the SIF values at each point were showing smooth changes with the 
growth of the crack so that an approximation could be made through sufficient 
number of steps. To cater for all these requirements, 1mm was assumed as the 
maximum increase at each propagation step for this particular case. The whole crack 
front could then be determined. The propagation steps started from the original root 
gap and ended at the location as close to the weld surface as possible accounting for 
the considerations in model generation.  
The Paris law based on the Keff values obtained by the finite element calculations has 
been used for the calculation of the lifetime of the specimens: 
 ( )meffda C KdN = ∆  (5.18) 
For a stress ratio of R = 0, as it has been applied in the fatigue tests, ΔKeff and Keff are 
the same. According to IIW (2004) m = 3 and C = 3∙10 -13 (in N and mm) have been 
used as material constants. As these material constants are upper bound values for 
crack propagation calculations and m has the same value as the recommended slope of 
the S-N curve for welded connections (DnV, 2005; IIW, 2004), it is possible to 
determine the fatigue strength FAT (nominal stress range relevant to the reference 2E6 
load cycles) classes directly from the lifetime calculations. The integration of the 
Paris’ law has been carried out numerically for the critical crack propagation path 
using the trapezoidal rule. The FAT (at 2E6 cycles) classes, based on Δσnomw, resulting 
from the crack propagation calculations have been evaluated with the following 
formula corresponding the S-N curve: 
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NFAT σ  = ∆ ⋅ ⋅ 
 (5.19) 
where: Δσnomw is the applied nominal stress range in the weld throat, N is the number 
of load cycles obtained by the integration of the da/dN curve and k the negative slope 
of the S-N curve (k = 3 for the actual cases). 
5.3.4.3 Fatigue life prediction 
A step-by-step three-dimensional crack propagation simulation was then carried out 
on both specimen A1 (no misalignment) and B1 (4mm center misalignment). Figure 
5-16 shows the root crack shape at certain step, based on the crack shape of last step 
and the calculated SIF.  
 
Figure 5-16: Crack front shape. 
As discussed before, the maximum Keff occurs at the ‘path 1’, i.e. maximum growth 
rate. Besides, a second maximum growth rate is at ‘path 2’. Theoretically, these two 
paths govern the crack propagation. Keff values at paths 1 & 2 are shown in Figure 
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Figure 5-17: Calculated effective SIF versus different crack depths for specimen type 
A1 for σnomw = 95N/mm2. Results are compared with Doerk (2003).  
 
Figure 5-18: Calculated load cycles versus crack depths for σnomw = 95N/mm2. Results 
are compared with Dorek (2003).  
Figure 5-18 shows the load cycles for σnomw = 95N/mm2 versus crack depth of path 1 
& 2 based on three-dimensional modeling. Similar to the two-dimensional analysis, 
due to the use of different equation in calculation of equivalent SIF (Keff), the current 
study has obtained results slightly lower than those by Doerk (2003). 
It is observed that the 4mm misalignment at the center line increases the risk of 
fatigue failure at the weld end at the notched side, from the comparison of equivalent 
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SIF as shown in Figure 5-19. It is also observed that the tension side is more critical 
than the compression side, as well as the standard model that is without misalignment. 










 Keqq for model A1
 Keqq for model B1 compression side








Local crack front coordinate  
Figure 5-19: Equivalent SIF comparison for model A1 and B1 (with 4mm 
misalignment). 
5.4 Weld toe cracking 
In contrast to the weld root area, more extensive research has been carried out on the 
behavior of weld toe cracking. In studying the weld toe cracking, most researchers 
neglected the influence of the weld root gap, i.e. the joint is simplified to a non-load 
carrying joint. A similar SIF approach can be used in the prediction of weld toe 
cracking life. However, the short crack initiation life is not within the scope of this 
study. Therefore, an initial crack has to be assumed at the weld toe. The prediction of 
crack propagation life is then based on this initial crack. In this chapter, the method of 
life prediction for weld toe cracking of non-load carrying cruciform is assessed 
through comparison with referenced results from Gurney (1991). 
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5.4.1 Finite element model 
Figure 5-20 shows the non-load carrying cruciform joint subjected to in-plane far-end 
tension, with a crack at weld toe.  
 
Figure 5-20: Transverse weld with toe cracking. 
The two-dimensional model is shown in Figure 5-21. The crack was assumed to grow 
in the direction perpendicular to the surface. This may not be the real situation. 
However, to keep consistency with the reference, the crack propagation is simulated 
at the pre-defined direction. It starts from the initial crack length and ends at half 
thickness of the plate when the plate is considered to be severely damaged.  
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Second-order quadratic elements (C2D8) were used, and the computation carried out 
in plane strain condition. Material used is structural steel with elastic modulus E = 
205 GPa and Poisson’s ratio ν = 0.3. 
5.4.2 Fatigue life evaluation 
The Paris’ equation is again used for the calculation:  
 ( )meffda C KdN = ∆  (5.20) 
in which, C and m are material constants. According to the reference, in this 
calculation m = 3 and the corresponding value of C is derived from: 
 
4




−×= = × ⋅  (5.21) 
The initial defect depth at the weld toe is assumed to be 0.15mm, which is typical of 
the average value which has been found experimentally. The crack size at failure is 
assumed to be half of the plate thickness. In the computation, the crack propagation 
was calculated in steps involving small constant increase in crack length at 1% of 
plate thickness. The crack shape was assumed to remain constant for each step. In 
other words, the SIF used for each step corresponds to the crack shape at the start of 
the step, but it is then changed for the next step.  
Endurance cycles are calculated for nominal stress ranges at the critical location from 
70 N/mm2 to 230 N/mm2. The computed results are compared with those from 
Gurney (1991) in Figure 5-22, with good agreement observed, although the 
integration is carried out using crack length increments of 1% plate thickness.  As 
recommended by Gurney (1991), the incremental step for integration should be less 
than 1% of the existing crack length.   
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Figure 5-22: Fatigue crack propagation life comparison with Gurney’s (1991) 
analytical S-N curve. 
It is also found in this study that, in view of the exponential increase in crack growth 
rate with increase in crack depth, the value of crack length at failure has insignificant 
influence on the calculated life.  This is with the consideration that the crack length is 
much larger than the initial defect depth. 
5.5 Comparison between weld toe and weld root 
5.5.1 Optimum fillet size 
There are two main objectives for the study of optimum fillet size. First is to 
determine the critical location of fatigue failure between a root cracking and a toe 
cracking. The second is to achieve the maximum fatigue strength by designing the 
fillet weld size so that the fatigue strength for weld root cracking is same as that for 
weld toe cracking. To achieve these objectives, a simple way is used to compare the 
weld root cracking against the weld toe cracking.  
Chapter 5 Load-carrying cruciform joint 
- 108 -  
 
Figure 5-23: Sketch of a load-carrying cruciform joint. 






NFAT σ  = ∆ ⋅ ⋅ 
 (5.22) 
where Δσnomw is the applied nominal stress range in the weld throat, N is the number 
of load cycles obtained by the integration of the da/dN curve. k is the negative slope 
of the S-N curve (k = 3 for the actual case). Defining S as the stress applied at the far 





σ ⋅=  (5.23) 
where T is plate thickness and aw the weld throat thickness. If the joint is loaded to its 















Meanwhile, the relation between weld throat thickness aw and original root gap length 
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 1
22w root
Ta w a = + − 
 
 (5.25) 
For weld toe cracking, an empirical equation was derived from fatigue test by 





TS S  =  
 
 (5.26) 
in which Ti is the relevant plate thickness, S22 is the fatigue strength corresponding to 
a thickness of 22mm and P changes from P1 to P2 at T = 22.  









⋅  =  ⋅  
 (5.27) 
This is the so called “optimum” size of the fillet weld. Theoretically, weld size larger 
than this will ensure that fatigue crack initiates from weld toe first.  
5.5.2 Determining weld failure mode 
It is not always possible or convenient to conclude the problem of fatigue failure 
mode of fillet weld with one or a few simple-format equations as discussed in last 
section.  Because the weld root situation is always complicated, it is very difficult to 
come out with a direct equation for the fatigue life. The only possible way is to 
compare the weld root and toe indirectly, on some shared indicators, in order to 
determine which location is more critical. Paris’ law has shown that the fatigue life 
can be deemed as integration of factored reciprocal of SIF. Therefore, comparing SIF 
from the initial status through the whole cracking process, in some extent, reflects the 
comparison of fatigue life. Moreover, comparing the SIF for the initial status 
determines from which the location the crack starts to grow first.  
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5.6 Summary 
This chapter is a complete verification and method development case including weld 
root fatigue life prediction and optimum fillet size for load-carrying cruciform joints. 
Experimental, numerical and analytical results are available which can be used as 
reference.  From the case study in this chapter as well as the general verification cases 
discussed in previous chapter, the following conclusions can be drawn: 
• Evaluation of SIF for existing cracks by virtual crack extension method 
implemented in ABAQUS/Standard is proved to provide accurate results as 
compared to existing reference results, both analytical and numerical. 
• Integration on calculated SIF by Paris’ equation provides a good prediction of 
fatigue life as compared to the experimental results. 
• As discussed in two-dimensional situation, the crack propagation route can be 
determined when the SIF values are evaluated for the original crack. The 
direction in which the crack growths changes only slightly so that it can be 
assumed that the crack propagation is taking place in the line drawn from the 
original crack tip, in the direction of first calculated angle. This significantly 
simplifies the successive simulation. 
• The crack propagation angle is found to be higher than the 45° suggested by 
DNV-RP-C203 (Dnv, 2005). IIW has suggested increasing this angle to 60° 
(Lotsberg, 2004) which is closer to the FE results of the current study.  
• SIF values are proved to be changing smoothly with the growth of the crack. 
This makes it possible to develop the solution for the SIF for particular case by 
regressive method implemented in MS Excel. It also significantly reduces the 
number of steps needed for the simulation of the entire progress of crack 
propagation.  
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CHAPTER 6 DOUBLER-PLATE REINFORCED PLATE 
CONNECTION 
6.1 Introduction  
The doubler-plate (Figure 6-1) is usually used as base support to column connecting 
to the deck of a ship structure.   It is also used for secondary attachments where there 
is a possibility that the attachment may be removed or replaced during the operating 
period, or where the attachment is for temporary connection namely for sea-fastenings, 
etc. in which case the attachment can be removed easily at the surface of the doubler-
plate without damaging the parent material.  
 
Figure 6-1: Various types of doubler-plate in ship structures. 
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Due to its main usage for attachment of secondary structures, the design of doubler-
plate connection is not undertaken with the same level of detail as primary structures.   
This makes the doubler-plate connection more prone to strength failure and fatigue 
damage than the primary members/joints.  Therefore, there is a need to review the 
design of doubler-plate connection especially its end welds.   This chapter presents 
results of detailed study on doubler-plate reinforced plate connections (with a sample 
shown in Figure 6-2) using fracture mechanics approach, while the next chapter 
(Chapter 7) presents the study on doubler-plate reinforced tubular joints.  
In order to reduce production costs and simplify the fabrication procedure, fillet weld 
connections are often employed in ship structures instead of full penetration welds.  
At fillet-welded connections which are subjected to cyclic loading, fatigue cracks can 
develop at the weld root as well as at the weld toe.   The main cause for the weld root 
cracking is the lack of penetration (LOP) due to inaccessibility during welding 
process.   There are practical difficulties in detecting and repairing the root cracking. 
This study aims to investigate the effects of geometric parameters and loading 
conditions on the stress intensity factors (SIF) at the weld root.  Furthermore, by 
comparing with the weld toe under pre-defined conditions, it is also intended to find 
out the critical position due to fatigue loads for doubler-plate reinforced connections.   
Stress distribution in doubler-plate reinforced connection is different from those in 
load-carrying cruciform joint due to the flexibility of both main plate and the doubler 
plate.  The potential fatigue crack propagation may deviate from the original crack 
surface due to the high SIF values for modes II and III. 
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Figure 6-2: Scantlings of the doubler plate reinforced connection. 
 
Figure 6-3: Fillet weld details. 
6.2 Finite element analysis 
The FE modeling method has been verified against reliable experimental and 
analytical results in previous chapters.   Only one quarter of the overall connection 
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Figure 6-4: Finite element model and close-up view of the doubler-plate. 
Figure 6-5 shows the top view of the original root gap.  The mesh shows the part 
modeled in a quarter-model.  
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6.2.1 Mesh densities and element type 
For each FE model, the element size varies in such a way that relatively smaller 
elements are adopted where stress gradient is more critical.  Therefore, the most 
refined mesh is used around crack front region and the mesh density becomes coarser 
in other areas in order to save computing resource and time.  Transition elements are 
used in the main plate in order to reduce the element number (in reference to the mesh 
generator as discussed in Chapter 3 of this thesis).  Two layers of elements through 
the thickness of all connected plates were used to provide a satisfactory description of 
possible non-linear bending effects in the thickness direction, while at the crack front 
region more layers are provided.  Approximately 3000 to 6000 elements are created to 
represent one-fourth of a whole specimen.  Such mesh density has been proven to 
produce results with good accuracy in the verification cases.  Since the computational 
resource is not a critical constraint, 20-node solid elements with reduced integration 
(ABAQUS element type C3D20R) are used in the current study to simulate the weld 
geometries and contact interactions.  Material used is structural steel with elastic 
modulus E = 205 GPa and Poisson’s ratio ν = 0.3, for both the plates and the welds. 
Figure 6-4 shows a typical model and a zoomed in view of the doubler-plate 
connection.  The shaded region at the center of the doubler-plate upper surface is the 
out-of-plane loading area. 
6.2.2 Contact interaction  
When a doubler-plate reinforced connection is loaded, contact interaction may occur 
between the bottom surface of the doubler plate and the main plate upper surface 
(Figure 6-5).  The contact interaction plays an important role in the load transferring 
mechanism of a doubler plate reinforced connection.  Since both of the doubler-plate 
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and the main plate are flexible bodies, a deformable-deformable contact is defined in 
the numerical analysis. 
Generally, contact interactions can occur between two surfaces.  Since in this problem, 
the contact pressures do not need to be investigated, the contact conditions are 
simulated using a “master-slave” algorithm.  Details of the software implementations 
are given in ABAQUS user’s manual (2001).   The contact is defined in terms of a 
master surface and a slave node set.  The slave nodes are constrained to follow the 
master surface and without penetration into the master surface.  However, the nodes 
of the master surface can, in principle, penetrate into the surface formed by the slave 
node set.  The contact direction is always normal to the master surface, and only 
compressive force can be transferred between the slave node set and the master 
surface.  In this chapter, similar mesh densities are used for master and slave surfaces 
which minimize penetration. 
In general, the surface of the stiffer body, or the surface with coarser mesh (if the two 
surfaces are with comparable stiffness) should be chosen as the master surface.  In 
this study, the master surface is made up of the bottom faces of the lower layer 
elements in the doubler-plate, whereas, the slave node set comprises of those nodes of 
the main plate that lie directly under the master surface.  Since the master surface and 
the slave node set are not allowed to have common nodes, those nodes in the welds 
between the doubler-plate and the main plate surface are excluded from the slave 
node set. 
6.2.3 Standard model 
The study started with a thorough investigation on a standard specimen, followed by a 
parametric study.  The standard specimen has the following dimensions (refer to 
Figure 6-2): 
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Table 6-1: Standard specimen specifications (units in mm). 
Length of base plate l0 3000 
Width of base plate b0 700 
Thickness of base plate t0 20 
Length of doubler plate l1 200 
Width of doubler plate b1 200 
Thickness of doubler plate t1 20 
Weld angle α 45º 
Weld through thickness aw 4.5 
Root gap corner radius r 2 
Out-of-plane load depth ll 100 
Out-of-plane load width bl 100 
 
6.2.4 Boundary and loading conditions 
Due to the existence of 2 planes of symmetry, only a quarter of the whole connection 
is modeled (Figure 6-4).  On the symmetry plane, the nodal displacements 
perpendicular to the corresponding plane are constrained.  Additional boundary 
conditions, as specified later for each loading type, have been applied to prevent the 
connection from rigid body movement. 
In the finite element analyses, loads can be applied either by load-controlled method 
or displacement-controlled method.  In the load-controlled method, concentrated or 
distributed loads are directly applied to one or more nodes, while in the displacement-
controlled method, displacements are prescribed on certain nodes.  These two 
methods are equivalent from a physical point of view.  However, in non-linear 
analyses, the load-controlled method may prevent tracking of the unstable, post-peak 
load shedding behavior (Lee, 1999).  Therefore, the displacement-controlled method 
is adopted in this study wherever possible.  For those analyses where load control 
method is adopted, the applied load increases according to the “incremental time”, 
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which is automatically determined by ABAQUS with a specified minimum value.  
The analysis is terminated once the automatically determined “incremental time” is 
less than the minimum value. 
Figure 6-6 shows four basic types of loadings that may act on the doubler-plate 
connection: 1) in-plane tension, 2) in-plane compression, 3) out-of-plane tension, and 
4) out-of-plane compression. For in-plane loading types, remote tension or 
compression are applied on the main plate edges. For out-of-plane loading types, 
tension or compression are applied at the center of the doubler-plate, as indicated in 
Figure 6-4. 
 
Figure 6-6: Single loading types. 
The boundary conditions correspond to the case of the doubler-plate connection as 
part of deck structure of a vessel.  All four edges of the main plate are restricted to 
move in the plane of the main plate only.  The two longer edges are not allowed to 
move in the direction normal to the in-plane loadings.  
In-plane tension In-plane compression 
Out-of-plane tension Out-of-plane compression 
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6.3 Two-dimensional study on cyclic fatigue life 
A two-dimensional study on the standard specimen was carried out.   In this study, the 
specimen was subjected to in-plane tension acting on the remote edges.  As discussed 
in the previous sections, weld root crack may grow at the mid-point of the transverse 
weld (DnV, 2000).  Geometric specifications for the standard specimen are listed in 
Table 6-2, referring to DnV report (2000). 
Table 6-2: Geometric configurations for standard specimen (units in mm). 
Length of base plate l0 3000 
Thickness of base plate t0 20 
Length of doubler plate l1 200 
Thickness of doubler plate t1 20 
Weld angle α 45º 
Weld through thickness aw 4.5 
Weld toe radius ρ 2 & 0.5 
6.3.1 Toe cracking 
The SIF values are evaluated for the weld toe crack (Figure 6-7), for different weld 
toe radii ρ (0.5 & 2mm) and crack depths a (0.2, 0.4, 2 & 4mm).  
 
Figure 6-7: Weld toe crack. 
6.3.1.1 Finite element model 
Reference results in the DnV report (2000) were computed using the ANSYS 
software.  The present study was carried out using the finite element package 
ABAQUS (2001).  The steel material properties specified are: Young’s Modulus E = 
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205 GPa and Poisson’s ratio ν = 0.3.  Eight-node plane strain elements (ABAQUS 
element type CPE8) were used.  A typical mesh generated using the pre-processor, 
MSC PATRAN, is shown in Figure 6-8.  The mesh is slightly modified at the crack 
tip in order to obtain an appropriately meshed area surrounding the crack tip for J-
integral computation, which is then used to calculate the SIF and effective SIF for 
crack propagation simulation.  The elements in the first domain have their mid-side 
node moved to ¼ distance from the crack tip in order to simulate the 1/ r  singularity. 
 
Figure 6-8: Typical mesh for weld and detailed crack tip mesh. 
6.3.1.2 SIF calculation 
The computed results for weld toe radii ρ=0.5mm and 2mm are compared to the 
reference (DnV, 2000) results in Figure 6-9.  The SIF results for mode I (KI) and 
mode II (KII) match closely.  The difference between these two sets of results is 
around 3.5% for KI , and 7% for KII.   Possible reasons for the differences may be due 
to the different finite element formulations and computational algorithms between the 
two software packages.  There is some difference in the computed SIF which is due to 
the weld toe radius.  As observed from Figure 6-9, this difference is obvious when the 
crack depth is small (a / t0 = 0.01 in the figure).  This shows that the weld toe radius 
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influences mainly on the shallow cracks at the weld toe.  With the growth of the crack, 
this influence is reduced.  


















































Figure 6-9: Comparison of results for SIF at weld toe for weld toe radius ρ = 0.5mm 
(left) and ρ = 2mm (right). 
6.3.1.3 Crack propagation simulation 
The fatigue crack propagation life was then calculated on the basis of calculated SIF. 
Regression equations for effective SIF for different crack depths could be developed 
by the functions implemented in MS Excel. Figure 6-10 shows the curves for the 
equations.  Note that the two curves (for ρ = 0.5mm and 2mm respectively) do not 
exactly match.  
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Crack depth [mm]  
Figure 6-10: Effective SIF for toe crack (Keff) versus crack depth (a) for in-plane 
tension 50MPa acting on remote edge. 
2mm: .  
0.5mm: .  














 Toe radius = 2mm
 Toe raidus = 0.5mm
 
Figure 6-11: Toe crack depth versus load cycles for in-plane tension 50MPa acting on 
remote edge. 
The crack propagation starts from an initial depth of 0.15mm, which is the typical 
average value found experimentally (Radaj, 1990).  The crack size at failure is 
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assumed to be half of the plate thickness.  In the computation, the crack propagation 
was calculated in steps involving small constant increase in crack length at 0.5% of 
plate thickness.  The crack depth was assumed to remain constant for each step.  The 
SIF used for each step corresponds to the crack depth at the start of the step, but it is 
then changed for the next step.  Figure 6-11 shows the load cycles applied versus toe 
crack depth, for toe radius ρ = 0.5mm and ρ = 2mm respectively.  
6.3.2 Root cracking 
Figure 6-12 shows the finite element mesh for weld root cracking with original root 
gap.  The model with propagated root crack is shown in Figure 6-13.  As discussed in 
the previous section, KII is significantly higher than KI.  Therefore, there is an angle of 
79° between the propagation direction and the original root gap, determined by the 
maximum energy release rate criterion (Hussain et al, 1974).  This is considered to be 
the potential crack growth direction.  Since both the doubler plate and the main plate 
are deformable bodies, a deformable-deformable contact is defined between the two 
plates. 
 
Figure 6-12: Finite element mesh for original root crack. 
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Figure 6-13: Finite element mesh for propagated root crack. 
6.3.2.1 Crack propagation simulation 
The fatigue crack propagation life was calculated on the basis of calculated SIF. 
Regressive equations for effective SIF for different crack depths could be developed 
by the functions implemented in MS Excel.  Figure 6-14 shows the curve for the 
equation and the calculated numerical results.  





















 Finite element results
 Regressive equation
 
Figure 6-14: Effective SIF at weld root versus crack depth in weld for in-plane tension 
50MPa acting on remote edge. 
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The crack propagation starts from the original root gap, at which the crack depth a is 
assumed to be 0. The crack size at failure is assumed to be the weld throat thickness 
aw.   In the computation, the crack propagation was calculated in steps involving small 
constant increase in crack length 0.1mm.  The crack shape was assumed to remain 
constant for each step.  In other words, the SIF used for each step corresponds to the 
crack shape at the start of the step, but it is then changed for the next step.  Figure 
6-15 shows the load cycles applied versus root crack depth.  














Figure 6-15: Root crack depth versus load cycles for in-plane tension 50MPa acting 
on remote edge. 
6.3.3 Fatigue life comparison 
If the in-plane tension acting on the remote end is taken as the nominal stress, from 
the equation 6 1/( / 2 10 ) mFAT Nσ= ∆ ⋅ × , the equivalent FAT class can be determined, 
as listed in Table 6-3.  Related S-N curves are drawn in Figure 6-16.  Based on two-
dimensional simulation, for the standard specimen subjected to uniform in-plane 
tension, weld toe failure is more critical than the weld root failure.  For the load cycles 
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of 62 10× , the fatigue strength at the weld root is nearly twice as high as that of the 
weld toe, with the pre-condition that a 0.15mm initial crack exists at the weld. 
Therefore it is concluded that, with the specified conditions, the critical position due 
to fatigue load is at the weld toe.  
Table 6-3: Equivalent FAT class for toe and root failure. 
Toe failure 
Root failure 
ρ = 0.5mm ρ = 2mm 
26.7 25.5 49.0 
103 104 105 106 107
100
 Root cracking
 Toe cracking for ρ = 2 mm











Load cycles  
Figure 6-16: S-N curves for weld root and toe cracking, from 2-D analysis. 
6.3.4   2-D Parametric study 
6.3.4.1 SIF for weld toe crack (for +PI) 
Parametric study on SIF for weld toe cracking subjected to in-plane tension is 
presented in the following figures.  The results indicate the relative influence of the 
parameters: doubler plate to main plate thickness ratio (t1 / t0), main plate length to 
thickness ratio (l0 / 2t0), and weld size to main plate thickness ratio (aw / t0).  
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Figure 6-18: Weld size and base plate length effect on toe SIF (for +PI). 
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Figure 6-17 shows the combined effect of l0 / 2t0 and t1 / t0 ratios.  Figure 6-18 shows 
the combined effect of l0 / 2t0 and aw / t0 ratios.   From these figures, it is observed that 
increase of weld size slightly reduce the toe SIF. The doubler plate in this case is only 
an attachment that carries little load. Generally, the effect of these parameters have on 
the weld toe is insignificant as compared to that on weld root SIF, as presented in later 
sections. Therefore, it can be concluded that the toe crack SIF mainly depends on the 
crack depth.  
As for in-plane compression (-PI), the weld toe crack does not open up, therefore it is 
not discussed. 
6.3.4.2 SIF for weld root crack (for -PI) 
Figure 6-19 shows the weld root SIF values for different l0 / 2t0 and t1 / t0 ratios 
subjected to in-plane compression (-PI).  Figure 6-20 shows the effect of l0 / 2t0 and 
aw/t0 ratios.   For the case of in-plane compression (-PI), the main plate length has 
little influence on the SIF evaluated from the weld root, which is similar to the case of 
toe SIF for in-plane tension.  However there is significant variation in root SIF for 
different weld size (aw/t0) and doubler plate thickness (t1 / t0).  It is observed that a 
combination of a small weld and either large or small doubler plate thickness results 
in a higher value of the root SIF, due to the fact that there is a larger deformation at 
the weld area due to higher bending in the main plate and doubler-plate. 
For a certain weld size, it is believed that there exists a value of doubler plate 
thickness (named tm), at which weld root SIF achieves a minimum.  From this value, 
both increase and decrease of the doubler plate thickness will result in an increase of 
the root SIF.  This tm value does not vary for each of the base plate lengths or the weld 
sizes, as shown in Figure 6-19.  It can be read from the figures that it is around the 
Chapter 6  Doubler-plate reinforced plate connection 
- 129 - 
value of the base plate thickness (tm ≈ t1).  This tm value may be considered in design 
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Figure 6-20: Weld size and base plate length effect on root SIF (for –PI). 
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The whole structure tends to bend towards the doubler-plate and the root SIF in this 
case is a combination of mode I opening and mode II sliding. For doubler plate 
thicker than base plate, mode II dominates since more rigid doubler plate bends less 
than the base plate. While for doubler plate thinner than base plate, mode I dominates 
since more flexible doubler plate tends to bend more than the base plate which causes 
the root to open up more. Therefore, when the doubler plate is of similar thickness as 
the base plate, these two plates tend to bend in similar magnitude and root SIF 
achieves a minimum value.   
For 2-D cases, in-plane compression (-PI) causes very low SIF at the weld root, 
therefore it is not discussed. 
6.3.4.3 SIF for weld toe crack (+PO) 
Figure 6-21 shows the effect of l0 / 2t0 and t1 / t0 ratios on weld toe cracking when the 
doubler-plate reinforced connection is subjected to out-of-plane tension (+PO).   
Figure 6-22 shows the effect of l0 / 2t0 and aw / t0 ratios.  
It is observed that the weld toe SIF does not change much with change of both the 
doubler-plate thickness and weld size.  However, it varies significantly with the 
change of the main plate length.   For a longer main plate, the same loading results in 
larger deformation, and thus an associated larger opening at the weld toe crack. 
Therefore the toe crack SIF increases with an increase of the main plate length. 
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Figure 6-22: Weld size and main plate length effect on toe SIF (for +PO). 
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6.3.4.4 SIF for weld root crack (for –PO) 
Figure 6-23 shows effect of main plate length (l0 / 2t0) and doubler-plate thickness (t1 
/ t0) on weld root cracking when the doubler-plate reinforced connection is subjected 
to out-of-plane compression (-PO).   Figure 6-24 shows the effect of weld size (aw / t0) 
and doubler-plate thickness (t1 / t0). 
For the case of out-of-plane compression (-PO), a longer main plate results in higher 
root SIF due to the larger deformation it causes.  There is significant variation in root 
SIF for different weld aw / t0 and doubler thickness t1 / t0, as shown in Figure 6-24.   It 
is observed that a combination of a small weld and large doubler plate thickness ratio 
results in a higher value of the root SIF, as there is a larger deformation at the weld 
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Figure 6-23: Doubler-plate thickness and main plate length effect on root SIF         
(for  –PO). 
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Figure 6-24: Weld size and doubler plate effect on root SIF (for –PO). 
In this case the plate edges tend to bend away from the doubler plate. The center part 
of the doubler plate is in contact with base plate, and its perimeter opens up until 
closed at the weld. Therefore the root SIF is mainly mode I. For a fixed doubler and 
base plate thickness ratio, a smaller weld has less constraint and the root opens up 
more. For fixed base plate thickness and weld size, a thinner doubler plate will bend 
closely following the base plate and more loads are transferred from the contacted 
area, which results in smaller root opening-up and therefore smaller root SIF.  
6.4 Three-dimensional study 
The two-dimensional plane strain analysis studied the major parameters including 
main plate length (l0), weld size (aw) and doubler-plate thickness (t1).  However, the 2-
D plane strain analysis only approximates the mid-point of the transverse weld, and 
does not reflect behavior along the full length of the welds.  Besides, the 3-D 
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deformation of the doubler-plate is somewhat different to the plane strain case due to 
the existence of longitudinal weld.  Furthermore, some parameters, including main 
plate width (b0), doubler-plate shape (l0 / b0), etc. cannot be studied through plane 
strain idealisation.  Therefore, a systematic three-dimensional study has been carried 
out.  
6.4.1 Study on standard model  
6.4.1.1 Nominal local crack front coordinate 
Figure 6-25 shows the definition of local coordinates used in the 3-D analysis.  As 
shown in the figure, the mid-point of the longitudinal weld (parallel to the longer edge 
of the main plate) is defined as “0”, the corner of the weld root is defined as “100”, 
and the mid point of the transverse weld is defined as “200”.  In the following figures, 
SIF values are plotted along the quarter weld, from “0” to “100”, and ends at “200”. 
This simple rule applies to all 3-D analyses within this chapter.  
 
Figure 6-25: Definition of local coordinates (not to scale). 
6.4.1.2 Results for in-plane tension 
Figure 6-26 shows the deformation at the mid-section of the longitudinal weld and 
transverse weld of one quarter model, subjected to in-plane tension only.  The root 
gap tip at the transverse weld is showing the status of mode II crack opening, while a 
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Figure 6-26: Deformation shape at longitudinal weld end (0) and transverse weld end 
(200) subjected to in plane tension (non-special crack tip elements used for 
demonstration purpose). 
The models for deformation demonstration (Figure 6-26, Figure 6-29, Figure 6-32 and 
Figure 6-35) were slightly different from the models used in actual analyses.  The 
elements around the crack front were not those special elements, which comprises of 
wedge elements around the crack front, as discussed in Chapter 3 of the present thesis. 
Instead, normal elements were used in order to show the relative deformation more 
clearly. However, the plotted results for all the discussions were gained from models 
with the special crack tip elements.  
The trends are clearly represented in Figure 6-27.  Mode I (tension) crack opening is 
not critical along either longitudinal or transverse weld.  This is because the in-plane 
loading is parallel to the plane of the original root gap.  Very high shearing (KII) SIF is 
observed along the transverse weld which is perpendicular to the loading. Anti-plane 
shearing (KIII) crack opening is mainly observed closed to the corner which is caused 
by the irregular geometry. 
200 
0 0 200 
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Figure 6-27: Stress intensity factors for standard doubler-plate specimen subjected to 
10N/mm2 in-plane uniform tension acting on far end, quarter model, SIF plotted for 
original root gap.  
Due to the mode II and mode III SIF at the root gap tip, the crack propagation life of 
the root crack cannot be carried out based out on KI only.  An equivalent SIF value 
Keff has to be used instead in the integration of cumulative fatigue life, as defined by 












It is observed in Figure 6-27 that for part of the welds KI = 0.  That means the crack 
does not open at those locations.  For the cases of KII and KIII, the sign only represents 
the cracking direction.   Therefore both positive and negative values are possible.   
Figure 6-28 shows the distribution of equivalent SIF along original root gap edge.  
The equivalent SIF values along the transverse weld are nearly the same magnitude 
which implies the root crack along this edge shall grow at nearly the same rate. 
Meanwhile the longitudinal weld is not the critical position as the equivalent SIF 
values are much lower.  This difference between two welds is caused by the loading 
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which is parallel to the root gap plane and the longitudinal weld but perpendicular to 
the transverse weld.  























Local crack front coordinate  
Figure 6-28: Equivalent SIF for standard doubler-plate specimen subjected to 
10N/mm2 in-plane uniform tension acting on far end. 
6.4.1.3 Results for in-plane compression 
Figure 6-29 shows the deformation at the mid-section of longitudinal weld and 
transverse weld when the connection is subjected to in-plane compression.  The crack 
front opening is not obvious at the mid-section of the longitudinal weld as compared 
to the transverse weld.  Mode I opening and mode II in-plane shearing can be clearly 
seen at the crack front of the transverse weld root.  
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Figure 6-29: Deformation shape at longitudinal weld end (0) and transverse weld end 
(200) subjected to 10N/mm2 in-plane compression (non-special crack tip elements 
used for demonstration purpose).  
SIF curves for the quarter root gap are plotted in Figure 6-30.  For this loading, the 
transverse weld is still the more critical one.  
High KI and KII were obtained along the transverse weld root.  The sign of KII shows 
the potential crack propagation direction due to mode II cracking.  The negative KII 
implies that the crack opening is in the opposite direction of the originally assumed 
in-plane shearing, i.e. the crack will grow inside the main plate.  This is different to 
the in-plane tension situation.  When a root crack grows in the main plate, the growth 
path is much longer than in the weld.  So this case is relatively safer than the in-plane 
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Figure 6-30: Stress intensity factors for standard doubler-plate specimen subjected to 
10N/mm2 in-plane uniform compression acting on far end, quarter model, SIF plotted 
for original root gap. 

















Local crack front coordinate  
Figure 6-31: Equivalent SIF for standard doubler-plate specimen subjected to 
10N/mm2 in-plane uniform compression acting on far end. 
The effective SIF Keff is plotted in Figure 6-31.  From this figure, the highest Keff 
occurs at the mid-section of the transverse weld.  The maximum starting Keff 
(14MPa m ) is very close to the in-plane tension case.  However the potential crack 
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growth path (longer than 20mm, the main plate length) is much longer than the weld 
throat thickness (4.5mm).  Therefore, as discussed, assuming the cyclic in-plane 
loading reverse ratio R = 0, the in-plane compression case has much longer fatigue 
life than the in-plane tension case if only the weld root cracking is considered. 
6.4.1.4 Results for out-of-plane tension 
Figure 6-32 shows the deformation at the mid-section of longitudinal weld and 
transverse weld when the connection is subjected to out-of-plane tension acting at the 
center of the doubler-plate.  The crack front opening is mainly in-plane shearing at 
both mid-sections.  Mode I opening is very small and negligible.  Mode III out-of-
plane tearing cannot be observed on the two symmetric surfaces, therefore only mode 
II in-plane sliding is clearly observed.  
  
Figure 6-32: Deformation shape at longitudinal weld end (0) and transverse weld end 
(200) subjected to out-of-plane tension (non-special crack tip elements used for 
demonstration purpose).  
Figure 6-33 shows the detailed SIF at the root crack front.  Very low KI is along the 
whole root gap with much higher KII.  Significant KIII is also observed, especially near 
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Figure 6-33: Stress intensity factors for standard doubler-plate specimen subjected to 
1N/mm2 out-of-plane uniform tension acting on doubler-plate center, quarter model, 
SIF plotted for original root gap.  
Figure 6-34 plots the effective SIF (Keff).  It is shown that the critical position is the 
middle of the longitudinal weld (“0”).   



















Local crack front coordinate  
Figure 6-34: Equivalent SIF for doubler-plate reinforced plate connection subjected to 
1N/mm2 out-of-plane uniform tension acting on doubler plate center, Quarter model, 
SIF plotted for original root gap. 
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6.4.1.5 Results for out-of-plane compression 
Figure 6-35 shows the deformation at the mid-section of longitudinal weld and 
transverse weld when the connection is subjected to out-of-plane compression acting 
at the center of the doubler-plate.  Mode I opening and mode II in-plane sliding are 
clearly shown, while mode III out-of-plane tearing cannot be observed on the two 
symmetric surfaces.  
  
Figure 6-35: Deformation shape at longitudinal weld end (0) and transverse weld end 
(200) subjected to out-of-plane compression (non-special crack tip elements used for 
demonstration purpose). 
Figure 6-36 shows the detailed SIF at the root crack front.  High KI and KII are 
obtained along the full length.  KIII is also observed, especially near to the doubler-
plate corner.  
200 
0 0 200 
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Figure 6-36: Stress intensity factors for doubler-plate reinforced plate connection 
subjected to 1N/mm2 out-of-plane uniform compression acting on doubler plate center. 
Quarter model. SIF plotted for original root gap. 
Figure 6-37 plots the effective SIF (Keff) along the root crack front.  The critical 
position is located along the longitudinal weld, though relatively high effective SIF is 
obtained along the full longitudinal weld except the small range close to the corner.  
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Figure 6-37: Equivalent SIF for doubler-plate reinforced plate connection subjected to 
1N/mm2 out-of-plane uniform compression acting on doubler plate center. Quarter 
model, SIF plotted for original root gap. 
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6.4.2 Special considerations on weld geometry 
The deformed shapes of the two plates and the root gap depend on the basic loading 
modes or combinations of the basic loading modes. The root crack may grow in two 
directions: in the weld or in the main plate.  Basically, when the root crack grows into 
the main plate, it is considered more resistant to cyclic fatigue loading than the weld 
toe cracking. 
6.4.2.1 Corner effect 
From the typical results, it is found that the maximum root SIF is always obtained 
either at the mid-point of the longitudinal weld or the mid-point of the transverse weld.  
There is a corner effect at the weld corner of the doubler-plate.  It is observed that the 
SIF at the corner position is normally lower than other positions.  As indicated in 
Figure 6-38, the longitudinal weld root opening is restricted by the transverse weld, 
and vice versa. This effect reduces the root SIF at the corner.  Therefore, the 
following parametric study focuses on the mid-points of both edges of the doubler-
plate.  
 
Figure 6-38: The form of a weld corner. 
6.4.2.2 Effect of weld geometry on weld root SIF 
The weld root fusion also affects the root SIF.  Two types of welds are studied with 
different sizes of 15mm and 9mm for a standard model (refer to Figure 6-39).  One 
type is fillet weld and the other is penetration weld.  The doubler-plate reinforced 
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connection analysed is subjected to out-of-plane compression.  3-D finite element 
analyses were conducted on quarter-plate models. 
 
Figure 6-39: Fillet weld and penetration weld geometries 
Higher root SIF values are obtained for smaller fillet weld size, as observed in Figure 
6-40, and generally fillet weld root fusion is beneficial to the weld root cracking.  The 
effect of this decrease depends on the size of the fusion.  Therefore, it is 
recommended to use penetration weld to reduce the weld root SIF and thus enhance 













































Figure 6-40: Root SIF comparison for fillet weld and penetration weld. 
6.4.3 Detailed parametric study results 
Systematic parametric study has been carried out on doubler-plate reinforced 
connection, subjected to in-plane and out-of-plane loads. Table 6-4 lists the range of 
parameters in the current study.  
w w w 
Weld 1 Weld 2 
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Table 6-4: Parametric range for weld root cracking in current study (units in mm). 
L0 b0 t0 l1 b1 t1 ll bl h w 
800~6000 400~800 20 50~200 50~200 5~40 0.5 l1 0.5 b1 1~40 1~40 
Table 6-4 can be summarized in Table 6-5, which lists the major parameters that have 
significant influence on root SIF.  These major parameters are investigated in this 
parametric study.  Their influences are elaborated in the following sub-sections.  
Table 6-5: Major parameter range. 
 
 
As discussed, displacement-control method provides fast convergence in the 
computation.  Therefore, in this parametric study, all in-plane loading cases are 
carried out using displacement-control method, i.e. displacement is applied to the 
remote edge and the nominal uniform tension/compression is worked out through 
reaction forces.  Since the calculation of SIF is within the linear-elastic domain, the 
obtained results are then multiplied by loading factor to obtain the SIF values for 50 
MPa nominal load for the following comparisons.  
6.4.3.1 In-plane longitudinal tension 
Figure 6-41 plots the root SIF at the middle of longitudinal weld (“0”) and the middle 
of transverse weld (“200”) for various doubler-plate thickness and main plate length, 
subjected to in-plane tension of 50 MPa on the shorter edge of the main plate. It is 
clearly shown that the main plate length has little effect, which supports the 
conclusion in the 2-D parametric study.  Meanwhile, thicker doubler-plate results in 
higher root SIF. The critical position is the middle of the transverse weld.  
l0 / b0 l0 / t0 t1 / t0 w / t1 
1~7.5 0~400 0.25~2 0.1~1 
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Figure 6-41: Doubler-plate thickness and main plate length effect on weld root SIF for 
in-plane longitudinal tension. 
Figure 6-42 shows the von Mises stress plot at weld root crack front at the middle of 
the transverse weld (“200”).  The stress pattern clearly shows mode II sliding 
dominating the response.   At this load type, the main plate bends in the opposite 
direction of the doubler-plate.   A thicker doubler-plate is stiffer and deforms less than 
the deformation trend of the main plate.  Therefore, the stress for thicker doubler-plate 
(right) is more severe than that of the thinner doubler-plate case, which results in 
higher root SIF.  
Figure 6-43 summarises the root SIF at the middle of longitudinal weld (“0”) and the 
middle of transverse weld (“200”) for various weld sizes and main plate lengths, 
subjected to in-plane tension of 50 MPa acting on the shorter edge of the main plate. 
At the position of “200”, the decrease in weld size dramatically increases the root SIF, 
which is consistent with the observation in 2-D parametric study.  However the 
situation at the middle of the longitudinal weld is different, the weld size has little 
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influence and a very small weld even slightly reduces the weld root SIF at the middle 
of the longitudinal weld.  
 
Figure 6-42: Stress contour for: (a) thin doubler-plate (t1/t0 = 0.6); (b) thick doubler-





























Figure 6-43: weld size and main plate length effect for in-plane longitudinal tension. 
Figure 6-44 shows the von Mises stress plot at weld root crack front at the middle of 
the transverse weld (“200”).  The stress pattern clearly shows mode II sliding 
(a) (b) 
200 
Chapter 6  Doubler-plate reinforced plate connection 
- 149 - 
dominating the behaviour. A smaller weld is more flexible and thus provides less 
constraint on the doubler-plate that forces it to deform together with the main plate.  
Therefore, the stress for small weld size (left) is more severe than that of the larger 
weld case.  
 
Figure 6-44: Stress plot for: (a) small weld (w/t1 = 0.2); (b) large weld (w/t1 = 0.6), at 
position “200” for in-plane longitudinal tension. 
The situation is different at the middle of the longitudinal weld (“0”). From previously 
a typical case studied earlier, it is found that mode I opening is the dominating form.  
Figure 6-45 displays the maximum principal stress contour for this position.  This 
longitudinal weld is parallel to the load direction and smaller weld transfers less load 
from the base plate to the doubler plate. Therefore, it is found that at this position, the 
tensile stress for a larger weld is slightly higher than that for a smaller weld, which 
results in a slightly higher root SIF for the larger weld case. This variation is very 
limited as compared to the transverse weld. For a small weld, Keff at position “200” is 
significantly lower than Keff at position “0”.  Therefore, the middle of the transverse 
weld (“200”) is the critical position, and larger weld is beneficial.  
(a) (b) 200 
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Figure 6-45: Principal stress plot for the middle of the longitudinal weld (“0”) for: (a) 
large weld (w/t1 = 0.6); (b) small weld (w/t1 = 0.2) for in-plane longitudinal tension.  
6.4.3.2 In-plane longitudinal compression 
Figure 6-46 plots the root SIF at the middle of longitudinal weld (“0”) and the middle 
of transverse weld (“200”) for various doubler-plate thicknesses and main plate 
lengths, subjected to in-plane compression of 50 MPa acting on the shorter edge of 
the main plate.  It is clearly shown that the main plate length has little effect, as 
observed in the 2-D parametric study.  The doubler-plate thickness effect is also as 
observed in the 2-D study: either thicker or thinner doubler-plate results in higher root 
SIF.  The minimum root SIF is achieved when d1/d0 ≈ 1.  The critical position is the 
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Figure 6-46: Doubler-plate thickness and main plate length effect on weld root SIF for 
in-plane longitudinal compression. 
Figure 6-47 shows the von Mises stress at weld root crack at the middle of the 
transverse weld (“200”).  The stress pattern for medium doubler-plate (d1/d0 = 1) is 
similar to thicker doubler-plate (d1/d0 = 2), both showing mode II sliding, except for 
different severity.  Therefore, thicker doubler-plate results in higher root SIF.  
However, thinner doubler-plate case shows different stress pattern (d1/d0 = 0.6).   
Besides mode II sliding, there is obvious mode I opening.  This explains that thinner 
doubler-plate also results in higher root SIF (Keff). This matches the explanation in 
Section 6.3.4.1 for 2D deformation.  That is, due to the different dominant modes of 
SIF, the root SIF attains a minimum value when the doubler plate thickness is similar 
to the base plate.   
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Figure 6-47: Stress plot for: (a) thin doubler-plate (t1/t0 = 0.6); (b) medium doubler-
plate (t1/t0 = 1); (c) thick doubler plate (t1/t0 = 2), at position “200” for in-plane 
longitudinal compression.  
Figure 6-48 plots the root SIF at the middle of longitudinal weld (“0”) and the middle 
of transverse weld (“200”) for various weld-sizes and main plate lengths, subjected to 
in-plane compression of 50 MPa acting on the shorter edge of the main plate.  It is 
clearly shown that smaller weld results in higher root SIF.  Root SIF at “200” are 
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Figure 6-48: weld size and main plate length effect on weld root SIF for in-plane 
longitudinal compression. 
Figure 6-49 plots von Mises stress at the weld root crack front at the middle of 
transverse weld (“200”).   Similar stress patterns are observed except that the stress 
for smaller weld is more severe.  
 
Figure 6-49: Stress plot for: (a) small weld (w/t1 = 0.2); (b) large weld (w/t1 = 0.6), at 
position “200” for in-plane longitudinal compression.  
(b) (a) 200 
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6.4.3.3 In-plane transverse tension 
Figure 6-50 and Figure 6-51 show the root SIF variation trends when the main plate is 






























Figure 6-50: Doubler-plate thickness and main plate length effect on weld root SIF for 






























Figure 6-51: Weld size and main plate length effect on weld root SIF for in-plane 
transverse tension.  
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The variation trends are similar to the cases that are subjected to in-plane tension 
acting on transverse edge of the main plate, as discussed in previous sections, except 
that the situations at middle of the transverse weld is exchanged with that of the 
longitudinal weld.  Thus, the critical position has moved to the middle of the 
longitudinal weld (“0”).   
6.4.3.4 In-plane transverse compression 
Figure 6-52 and Figure 6-53 show the root SIF variation trends when the main plate is 
subjected to in-plane compression acting on the longitudinal edge.  As for the in-plane 
transverse tension cases, the variation trends are similar to the cases that are subjected 
to in-plane tension acting on transverse edge of the main plate, as discussed in 
previous sections, except that the situations at middle of the transverse weld is 
exchanged with that of the longitudinal weld.   The critical position has moved to the 
































Figure 6-52: Doubler-plate thickness and main plate length effect on weld root SIF for 
in-plane transverse compression.   
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Figure 6-53: Weld size and main plate length effect on weld root SIF for in-plane 
transverse compression. 
6.4.3.5 Summary on in-plane loading 
From the above analyses, some conclusions can be drawn: 
• Main plate size has little influence on the weld root SIF (Keff).  
• The critical position is the middle of the weld that is perpendicular to the loading 
direction. 
• Larger weld is beneficial to the weld root. 
• Doubler-plate thickness does not have consistent influence on the weld root SIF 
(Keff) which depends on the loading type.  
6.4.3.6 Out-of-Plane compression 
Figure 6-54 plots the root SIF at the middle of longitudinal weld (“0”) and the middle 
of transverse weld (“200”) for various weld-sizes and main plate lengths, subjected to 
out-of-plane compression of 1 MPa acting in the center of the doubler-plate.  It is 
shown that root SIF (Keff) at position “0” is generally higher than that at position 
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“200”.   However, with the shortening of the main plate length, there is a decrease in 
the Keff  at position “0” and an increase in the Keff at position “200”.   Finally, when 
the main plate becomes square, the Keff becomes equal at both positions.  Besides, 






























Figure 6-54: Weld size and main plate length effect on weld root SIF for out-of-plane 
compression. 
 
Figure 6-55: Stress plot for: (a) small weld (w/t1 = 0.2); (b) large weld (w/t1 = 0.6) at 
position “200” for out-of-plane compression.  
(b) (a) 
200 
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Figure 6-55 plots the von Mises stress at the weld root at the middle of the transverse 
weld (“200”).   It is clearly shown that stress for smaller weld is more severe than for 
a larger weld though the stress patterns are similar.  
Figure 6-56 plots the root SIF at the middle of longitudinal weld (“0”) and the middle 
of transverse weld (“200”) for various doubler-plate thicknesses and weld-sizes, 
subjected to out-of-plane compression of 1 MPa acting in the center of the doubler-
plate.  It is shown that root SIF (Keff) at position “0” is generally higher than that at 
position “200”.  Besides the weld size effect, it is also found that root SIF for a 
medium-thick doubler-plate is lower than both thicker and thinner doubler-plates. 
This trend is more obvious for smaller-sized weld, and especially for the position 

































Figure 6-56: Doubler-plate thickness and weld size effect on weld root SIF for out-of-
plane compression. 
Figure 6-57 displays the von Mises stress for the weld root crack front at the middle 
of the transverse weld for different doubler-plate thicknesses.  For the case that the 
doubler-plate is stiffer than the main plate (t1/t0 = 2), it deforms less together with the 
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main plate.  Therefore, the weld root opens up and the stress pattern clearly shows 
mode I opening domination.   For cases where the doubler-plate is more flexible than 
the main plate (t1/t0 = 0.6), it is more likely to deform together with the main plate. 
The out-of-plane compression has an effect of drawing the doubler-plate towards the 
center.   For such cases, mode II sliding dominates.   For cases that the doubler-plate 
is equally flexible as the main plate (t1/t0 = 1), both the opening-up and the drawing 
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Figure 6-57: Stress plot for: (a) thin doubler-plate (t1/t0 = 0.6); (b) medium doubler-
plate (t1/t0 = 1); (c) thick doubler-plate (t1/t0 = 2), at position “200” for out-of-plane 
compression.  
6.4.3.7 Out-of-plane tension 
Figure 6-58 displays von Mises stress at the root crack front at the middle of the 
transverse weld.   For thinner doubler-plate (t1/t0 = 0.6), it is more flexible than the 
main plate.   Therefore, it deforms in both out-of-plane opening and in-plane sliding. 
The crack front stress pattern show clearly combined mode I and mode II opening. 
However, the situation is different for a thicker doubler-plate (t1/t0 = 2). Since the 
doubler-plate is much more rigid than the main plate, it drags the main plate in 
deforming towards out-of-plane direction.  Therefore, the stress pattern at the root 
crack front shows clearly model II sliding.  
 
Figure 6-58: Stress plot for: (a) thin doubler-plate (t1/t0 = 0.6); (b) thick doubler-plate 
(t1/t0 = 2), at position “200” for out-of-plane tension. 
The trend observed in the stress patterns are clearly shown in the Keff  plot in Figure 
6-59.  There is a transitional region at which the doubler-plate has a thickness similar 
to the main plate (t1/t0 ≈ 1).  Where doubler-plate thickness is less than that, due to the 
(b) (a) 
200 
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combined effect of KI and KII, Keff increases dramatically.   For thicker doubler-plates, 
significantly lower Keff are obtained due to the dominant KII and much smaller 
deformation. The variation for thicker doubler-plates is obviously smaller than the 
































Figure 6-59: Doubler-plate thickness and main plate length effect on weld root SIF for 
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Figure 6-60: Stress plot for: (a) small weld (w/t1 = 0.2); (b) large weld (w/t1 = 0.6), at 
position “200” for out-of-plane tension. 
Figure 6-60 displays the von Mises stress at the root crack front.  Both stress patterns 
show mode II sliding.   Since smaller weld provides less constraint on the doubler-
plate, the stress for smaller weld is more severe than the stress for larger weld.  
The trend observed in the stress contours are clearly shown in the Keff plot in Figure 
6-61.  The plot also shows that the main plate length has little effect on the weld root 
SIF.   SIF at position “0” is higher than that at “200”, therefore, the critical position is 





























Figure 6-61: weld size and main plate length effect on weld root SIF for out-of-plane 
tension. 
6.4.3.8 Summary on out-of-plane loading 
Conclusions can be drawn based on the above investigations: 
• Main plate size shows little effect when its length is significantly larger than its 
width.  The critical position is the middle of the weld that is parallel to the longer 
edge of the main plate.  
• Larger weld size is always beneficial.  
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• Doubler-plate thickness does not show consistent effect.  A doubler-plate with 
similar thickness to the main plate is optimum.  
6.4.4 SIF for weld toe cracking 
Although the weld toe cracking is not the scope of this thesis, selected cases have 
been investigated to verify the observations in the previous 2-D study.  Table 6-6 lists 
the major parameters for the selected cases.  Case 1 was selected for verification 
purpose, due to the availability of related reference (DnV, 2000).  Case 2 was then 
selected to check critical condition of the weld root SIF.  
Table 6-6: Parameters for selected cases. 
 t0 l0 / b0 l0 / t0 t1 / t0 w / t1 a a / 2c 
Case 1 20mm 4.286 150 1 0.318 2mm 0.1 
Case 2 20mm 4.286 150 2 0.159 0.15mm 0.1 
Case 2a 20mm 4.286 150 1 0.318 0.15mm 0.1 
6.4.4.1 Case 1 
Figure 6-62 shows the FE model used to analyze Case 1.   A semi-elliptical crack, 
with depth a = 2mm and surface length 2c = 10mm, is embedded into the global 
model.   The local domain containing the crack (crack pattern) is ‘tied’ to the global 
model, as discussed in Chapter 5 of this thesis.   Due to the existence of 2 symmetry 
planes, only a quarter of the whole model has been analyzed.   20-node solid elements 
with reduced integration (ABAQUS element type C3D20R) are used.   The model is 
loaded with 50 MPa remote tension acting on shorter edge.   
Figure 6-63 shows the equivalent SIF (Keff) comparison between the current study and 
the reference result (DnV, 2000).  Good agreement can be observed between these 
two sets of results along the crack front.   High SIF exists at the crack end (5mm from 
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the deepest point) due to the complex geometry of the weld toe, which is not 
presented in the reference.  
Figure 6-63 also shows a comparison between 3-D analysis and 2-D plane strain 
analysis.  Basically, there is a good agreement between the 2-D and 3-D results, 
although the 3-D results are slightly lower.  This is due to the main plate bending in 
the opposite direction of the doubler-plate when loaded with remote tension. This 
bending is less pronounced in a 3-D analysis, as it is restrained by support of 
longitudinal edges.   
 
Figure 6-62: Typical FE mesh for weld toe cracking, with zoom-in local view (with a 
crack of a = 2mm) for main plate loaded with 50 MPa remote tension acting on 
shorter edge.  
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Figure 6-63: SIF value for weld toe crack for main plate loaded with 50 MPa remote 
tension acting on shorter edge. 
6.4.4.2 Case 2 
Based on the verification Case 1, Case 2 is carried out to examine the critical 
condition as identified in the parametric study of weld root SIF.   It has been found 
that higher root SIF has been achieved with thicker doubler-plate and smaller weld. 
Therefore, in Case 2, doubler-plate has been chosen to be as thick as twice of the main 
plate (t1/t0 = 2). Meanwhile, an unrealistically small weld (w/t1 = 0.159) has been 
chosen to represent the extreme condition. 
A 0.15mm crack is embedded at the weld toe as the initial crack for toe cracking.  
This is the average defect size in industrial practice (Gurney, 1991) which develops 
into fatigue cracks.  The crack is assumed to be semi-elliptical with surface length of 
1.5mm (a/2c = 0.1).  This 0.15mm crack is additionally applied to the Case 1 model 
for comparison, denoted as Case 2a.  
Table 6-1 lists equivalent SIF for weld toe and weld root, for Case 2a and Case 2 
respectively.  For common geometric configuration (Case 2a), toe Keff are 
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significantly higher than that of the weld root.  For Case 2, the extremely small weld 
causes high root SIF at the middle of the transverse weld (position “200”).  However, 
the magnitudes of Keff are still less than that of the initial crack at the weld toe. This 
agrees with and confirms the results of 2-D plane strain analysis.  
Table 6-7: Results comparison for toe and root SIF (Keff), for Case2 and Case 2a (SIF 





"0" "200" "0" "200" 
Case 2a t1=20mm, a=4.5mm 97.30  8.08  48.87  6.48 66.28 
Case 2 t1=40mm, a=4.5mm 101.02  27.77 80.21  25.28 91.58 
 
6.5 Results presentation by neural network approach 
A number of parameters have significant influence on the weld root cracking.  These 
include geometric parameters like plate dimensions, plate thicknesses, weld size as 
well as loading type and positions, and boundary conditions, if material property is 
not considered. On the other hand, there is normally contact between the doubler plate 
and main plate, and the contact status is also subjected to the above mentioned 
parameters. It is possible through FE simulation, to determine the contact status and to 
determine the associate load flow transferred through the contacted area and the weld 
respectively. Therefore, it is not practical to develop explicit equations incorporating 
all these variables. 
It is thus appropriate to investigate the possibility of a simple method that can provide 
reference root SIF values based on relevant parameters with relatively good accuracy. 
It has been found in this study that through a well-trained neural network, this could 
be achieved. This neural network does not provide readable equations. It operates as a 
“black box” with the above mentioned parameters as input and root SIF values as 
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output. The validity and accuracy of the contents inside the “black box” can be 
examined through a training-verification process.  
6.5.1.1 Introduction to neural network 
A neural network (or artificial neural network) is an information-processing paradigm 
inspired by the way the densely inter-connected, parallel structure of the mammalian 
brain processes information.  Artificial neural networks are collections of 
mathematical models that emulate some of the observed properties of biological 
nervous systems and draw on the analogies of adaptive biological learning.  The key 
element of the NN paradigm is the novel structure of the information processing 
system.  It is composed of a large number of highly inter-connected processing 
elements that are analogous to neurons and are tied together with weighted 
connections that are analogous to synapses.  
Learning in biological systems involves adjustments to the synaptic connections that 
exist between the neurons.  This is true of a neural network as well.  Learning 
typically occurs by example through training, or exposure to a truth set of input/output 
data where the training algorithm iteratively adjusts the connection weights (synapses).  
These connection weights store the knowledge necessary to solve specific problems.  
Neural networks are particularly effective for predicting events when the networks 
have a large database of prior examples to draw on.  Strictly speaking, a neural 
network implies a non-digital computer, but neural networks can be simulated on 
digital computers. 
6.5.1.2 Parametric study results 
The present approach adopts the Java Neural Network Simulator, developed by 
Wilhelm Schickard Institute for Computer Science, University of Tubingen (Fisher et 
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al, 2001).  The application of neural network approach contains two steps: training 
and applying.  In the training session, 100 patterns (sets of input and output) were 
taken from the parametric study and used to build the network.  These patterns cover 
the variations in 4 major geometric parameters: main plate length to width ratio, main 
plate length to thickness ratio, doubler plate thickness to main plate thickness ratio, 
and weld leg length to main plate thickness ratio.  The doubler plate reinforced 
connection is subjected to out-of-plane compression.  SIF values and potential crack 
propagation angle α at weld root at mid-points of both longitudinal and transverse 
weld are used as outputs.  The crack tip opening at weld root is not purely opening 
mode.   Therefore, Keff is used in stead of KI, where 2 2 2 /(1 )eff I II IIIK K K K ν= + + − . 
 
Figure 6-64: Cumulative error for Keff at mid-point of longitudinal weld. 
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Figure 6-65: Cumulative error for α at mid-point of longitudinal weld. 
After the training was completed, the network was then built.  Another 50 patterns 
were tested for verification.  Results were presented in cumulative error Σθ2 and 
comparison with finite element results.  Figure 6-64 shows the cumulative error Σθ2 
for root SIF at the middle of the longitudinal weld.   Figure 6-65 shows the 
cumulative error for propagation angle at mid-point of longitudinal weld.  
After the network was built and verified, it is further verified on randomly selected 
geometric combinations against FE results.  The verification results are shown in 
Figure 6-66 and Figure 6-67, for Keff and angle α respectively, at the mid-point of 
longitudinal weld. 
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NN Results  
Figure 6-66: Comparison between NN results and FE results for Keff at mid-point of 
longitudinal weld. Differences are mainly around 5%, mostly smaller than 10%, with 
a few sets lie between 10%~20% and one value at 25.2%. 














NN Results  
Figure 6-67: Comparison between NN results and FE results for α at mid-point of 
longitudinal weld. Differences are mostly small than 5% with a few sets lie between 
5%~20% and one value at 20.6%. 
The good agreement in the results comparison between neural network approach and 
finite element method as observed in Figures 6-66 and 6-67 suggests that this network 
is capable of providing reference values for weld root SIF within the valid range, as 
well as the potential crack growth angle α, with good accuracy.  
This network can be extended to cover a wider range of parameters when extra results 
are provided. In order to use this network, it can be exported and a user input/output 
interface to be developed.   
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6.6 Discussions and Conclusions 
6.6.1 Results comparison between 2-D and 3-D studies 
6.6.1.1 Comparison on in-plane loading 
Both 2-D and 3-D parametric studies are carried out on identical cases for remote 
tension (50 MPa).  The obtained root SIF from 2-D studies and from the middle point 
of transverse weld in 3-D studies are comparable and shows good agreement in the 
variation trends for same loading types. 
When the main plate is loaded with in-plane longitudinal tension, smaller weld causes 
higher root SIF.  For in-plane longitudinal compression, smaller weld is also observed 
to result in higher root SIF.   The effect of variation of doubler-plate thickness is 
observed to result in the root SIF achieving minimum value when the doubler-plate 
thickness is similar to main plate thickness. 
6.6.1.2 Comparison on out-of-plane loading 
The loading magnitude for 2-D studies and 3-D studies cannot be exactly comparable. 
However, the obtained root SIF from 2-D studies and from the middle point of 
transverse weld in 3-D studies shows good agreement in the variational trends for 
same loading types.   For both studies, smaller weld causes higher root SIF.  
It is also observed that the main plate length does not have significant effect in 3-D 
study.   In 3-D study, the root SIF depends mainly on the flexibility of the doubler-
plate and the local part of the main plate, and the relative deformation.  The 
interaction between the longitudinal and the transverse welds minimizes the effect of 
the main plate length.   
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6.6.2 Summary on 3-D studies 
• For in-plane loadings, the critical position is the middle of the weld that is 
perpendicular to the loading direction.  For out-of-plane loadings, the critical 
position is the middle of the weld that is parallel to the longer edge of the main 
plate.  
• For both in-plane and out-of-plane loadings, main plate length has little influence 
on the weld root SIF (Keff), especially when its length is much larger than its width.  
• Larger weld is beneficial to the weld root cracking. In particular, partial 
penetration weld results in much lower root SIF than fillet weld.  
• The general observation from the results points to lowest weld root SIF (Keff) for a 
doubler-plate with similar thickness to the main plate (with t1/t0 ≈ 1).  
• The corner of the doubler-plate is not a critical position in terms of root cracking.  
This is due to the interacting behaviour that the longitudinal weld root opening is 
restricted by the transverse weld, and vice versa.  This effect reduces the root SIF 
at the corner.  
6.6.3 Comparison between weld toe and root 
From the above study, it is possible to summarize the SIF range for weld toe and root 
cracking respectively, within the valid parametric ranges.  The valid parametric range 
in this study is shown in Table 6-4, and the major parametric range is summarized in 
Table 6-5.  
Comparing the SIF for root cracking and toe cracking, it is found that SIF for toe 
cracks are significantly higher than that of the root cracks in most cases.  The two-
dimensional comparison preliminarily verifies that the weld toe cracking governs the 
fatigue life of the connection.  
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According to AWS D1.1 (2000), the general requirements for fillet weld are listed in 
Table 6-8. From the parametric study on weld root SIF, it is found that smaller weld is 
critical.  The minimum fillet weld size, as required in AWS, is larger than the extreme 
case studied in the comparison between the weld toe and root, though the root SIF is 
still lower than the toe SIF.   Therefore, it is proper to conclude that weld toe cracking 
always governs, given the weld profile as required by rules and guaranteed 
workmanship. 
Table 6-8: Fillet weld size requirements (units in mm). 
Maximum fillet weld size Minimum fillet weld size  
t1 < 6 w < t1 ts* ≤ 12  w ≥ 5 
6 ≤ t1 w < t1-2 12 ≤ ts ≤ 20 w ≥ 6 
  20 ≤ ts w ≥ 8 
* The thickness of the thinner member.  
 
However, the weld root cracking for doubler-plate connection is not numerically 
predictable since it is influenced by mode II and mode III SIF.  Confident conclusion 
can only be drawn based on future experiments. This study also reveals that use of 
doubler-plate does not necessarily increase the risk of root cracking failure of the 
whole connection concerning cyclic fatigue life.  The method used in this chapter is 
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CHAPTER 7 DOUBLER PLATE REINFORCED 
CIRCULAR HOLLOW SECTION JOINT 
7.1 Introduction 
Circular Hollow Sections (CHS) are widely used as structural elements in buildings, 
bridges, railway stations, airports and offshore platforms.  The broad application of 
CHS elements can be attributed to its excellent properties in resisting compression, 
tension, bending and torsion loadings.  The circular sections have been proved to 
provide the optimal shape for wind and wave loadings due to their low drag 
coefficients.  For a simple CHS joint, one or more secondary members (braces) are 
directly welded to a main member (chord).   In the past, efforts have been expended to 
investigate the static strength and fatigue life of simple CHS joints.  
In practice, various methods have been developed to improve the structural 
performance of simple CHS joints.  By locally increasing the chord wall thickness 
near the connection, the can-reinforced joint provides a convenient and economical 
solution due to its simple geometry and fabrication procedure.   Other approaches 
such as internally ring stiffened joints and grouted joints may also be chosen to 
strengthen a simple CHS joint.   Alternatively, by attaching a steel plate on the chord 
outer surface at the intersection between the brace and the chord, two closely related 
reinforced joint types, named doubler (Figure 7-1) and collar plate reinforced joints, 
are possible choices for joint enhancement.    
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Figure 7-1: Usage of doubler-plate and possible damage. 
The other usage of doubler-plate is for secondary member attachments where there is 
a possibility that the attachment will be removed or replaced during the operating 
period or where the attachment is for temporary connection namely sea-fastenings, etc. 
in which case the attachment can be removed easily at the surface of the doubler-plate 
without damaging the parent material.  
However, at present, the design approaches for the doubler plate reinforced joints are 
very rudimentary and not based on test evidence.   This is partly due to the 
complicated joint geometry, and partly due to the dearth of information available in 
the research literature.   There is, therefore, a need to study the structural behavior of 
these types of reinforced joints.   As a continuing effort following the previous 
chapter on doubler-plate reinforced plate connections, this chapter reports on findings 
for the weld root behavior of doubler-plate reinforced CHS X-joint subjected to brace 
tension and compression.   
Chapter 7 Doubler plate reinforced circular hollow section joint 
- 176 - 
Figure 7-2 illustrates the schematic arrangement of a doubler plate reinforced CHS X-
joint.   For a doubler plate reinforced joint, the brace is profiled and then welded onto 
the curved doubler plate through a penetration weld, and then the plate is fillet-welded 
along its edges to the chord’s outer surface.  The properly designed doubler reinforced 
plate joint can be an effective solution to the punching shear problem, when a 
requirement of strength enhancement may be found during the last stages of the 
fabrication of structures.   It is also extensively used in auxiliary joints for the 
connection of boat landings, risers, sacrificial anodes etc. to the main structure for 
offshore platforms. However, for the simplicity and economy of fabrication, the 
doubler-plate is usually fillet-welded to the chord which causes concern of fatigue risk 



















Figure 7-2: Doubler-plate reinforced joint. 
The geometry of a doubler plate reinforced joint can be described by dimensions of d0, 
t0, d1, t1, ld, td, etc. (as shown in Figure 7-2). However, it is usually described by non-
dimensional parameters. The following non-dimensional geometrical parameters for 
the doubler-plate reinforced joints are used in this chapter: 
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Α Chord length to radius ratio, 2l0 / d0 
β Brace to chord diameter ratio, d1 / d0 
2γ Chord diameter to wall thickness ratio, d0 / t0 
τ Brace to chord wall thickness ratio, t1 / t0 
τd Doubler plate to chord wall thickness ratio, td / t0 
ld / d1 Doubler plate length to brace diameter ratio 
 
7.2 Finite element analysis 
In order to obtain correct solution from the FE analysis, the joint geometry need to be 
modeled with enough accuracy, and the loading and boundary conditions need to be 
simulated appropriately.  The FE modeling methods have been verified by reliable 
experimental results as reported in the previous chapters.  The general aspects of FE 
modeling for plate reinforced CHS joints are similar to those for doubler-plate 
reinforced plate connections, except that for CHS joint, curved chord surfaces are 
used instead of flat plate.  Advantages due to any geometry and loading symmetries 
have been utilized, and only a part of the overall joint was represented in the FE 
models (see Figure 7-4). The part modeled varies from one-eighth to half of the 
complete joint depending on the geometry and loading types.  For example, for a X-
joint subjected to brace axial loading, only one-eighth of the joint is modeled due to 
symmetry in geometry and loading. 
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Figure 7-3: Finite element model for a 1/8 doubler-plate reinforced CHS X-joint 
under brace axial loading 
 
Figure 7-4: Zoom-in view of the doubler-plate and the weld root crack front. 
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7.2.1 Mesh densities and element type 
For each FE model, the element size varies in such a way that relatively smaller 
elements are adopted where stress gradient is more severe. Therefore, the mesh 
density decreases from the vicinity of the intersection to the end of the brace or chord. 
Transition elements are used in the brace to reduce the number of elements.  Two 
layers of elements through the thickness of all joint members are used to provide a 
satisfactory description of possible non-linearity in the thickness direction. The 
number of elements ranges from 500 to 1000 to represent one-eighth of a whole joint. 
Such mesh density has been proven to be able to produce results with good accuracy 
in stress and strain analyses (van der Vegte, 1995).   Since the computational resource 
is nowadays no longer a critical criterion, 20-node solid elements with reduced 
integration (element type C3D20R in ABAQUS) are used in the current study to 
properly simulate the weld geometries and contact interactions.   
7.2.2 Weld geometries 
As three-dimensional solid elements are used in the FE models, it is possible to 
simulate the weld geometries with high accuracy.   The actual geometric definition of 
the welds is included in all FE models.    The geometry of penetration weld between 
the brace and the doubler plate or chord is modeled following the American Welding 
Society, AWS (2000) recommendations (see Figure 7-5).   In the figure, Φ is the 
angle between the brace and chord outer surface.   It varies along the intersection 
between the brace and the chord.   The depth of the fillet welds between the 
reinforcing plate and the chord surface is taken the same as the thickness of the plate. 
Two layers of elements are used through the depth of the welds. 
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Figure 7-5: Weld sizes according to AWS (2000) for brace to doubler-plate 
penetration weld. 
7.2.3 Contact interaction  
In a doubler-plate reinforced CHS joint, contact interaction may occur between the 
bottom of the doubler plate and the chord outer surface (Figure 7-6).  The contact 
interaction plays an important role in the load transferring mechanism of a doubler 
plate reinforced joint.  Therefore, a non-linear contact analysis is required.   Since 
both of the reinforcing plate and the chord wall are deformable bodies, a deformable-
deformable contact is defined in the numerical analysis. 
 
Figure 7-6: Possible contact area between doubler plate and chord (depending on 
loading condition). 
Generally, contact interactions occur between two surfaces.   Since in this problem, 
the contact pressures do not need to be investigated, the contact conditions are 
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simulated using a strict “master-slave” algorithm. Details of the software 
implementations are given in ABAQUS (2001) user’s manual and Chapter 6. 
7.2.4 Boundary conditions and load application methods 
Due to symmetry of geometry and brace axial loading conditions, only 1/8 of the 
whole X-joint is modeled (Figure 7-3).   Boundary conditions are applied to all nodes 
on the planes of symmetry.   The nodal displacements perpendicular to the planes of 
symmetry are constrained.   Additional boundary conditions, as specified later for 
each loading type, have been applied to prevent the joints from rigid body movement. 
In the present nonlinear FE analyses, the displacement control method is adopted to 
track response of the structure subjected to brace compression or tension (which is 
indicated in Figure 7-7). 
 
Figure 7-7: Doubler-plate reinforced tubular joint subjected to brace loads. 
7.3 Parametric study 
From preliminary study, it is found that three major parameters have most influence 
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plate-to-chord thickness ratio (td/t0 or τd) and doubler plate-to-brace diameter ratio 
(ld/d1).   The β ratio and the ld/d1 ratio in combination introduce another parameter, 
doubler-plate length to chord diameter ratio (ld/d0).   This ld/d0 ratio controls the 
doubler-plate curvature.  The td/t0 controls the stiffness of the doubler-plate and thus 
controls the relative deformation between the doubler-plate and the chord.  A 
parametric study has been carried out on the effect of the three major parameters.  
Table 7-1 lists the ranges of these major parameters. The analysis results form a 
database that consists of 60 different geometric configurations. The size of the 
database is doubled due to two loading types, remote tension and compression acting 
on the brace.  
Table 7-1: Parametric range in current study. 
Parameter Range 
ld / d1 1.25, 1.50, 1.75, 2.00, 2.25, 2.50, 2.75, 3.00 
β (d1/d0) 0.25, 0.50, 0.64, 0.80 
τd (td/t0) 1.00, 1.25, 1.60 
ld/d0 0.30 ~ 1.40 
 
7.3.1 Brace tension 
7.3.1.1 Results for a standard model 
Figure 7-8 shows typical deformed shape (exaggerated) of a 1/8 model subjected to 
brace tension. From the deformation of the weld root, it is observed that at both crown 
and saddle positions, mode I opening is not obvious. While mode II cracking (in-
plane) sliding plays a major role. 
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Figure 7-8: Deformation subjected to axial tension acting on brace. 
Figure 7-9 plots typical KII result.  The KII value at saddle position is much higher 
than that at the crown position. Therefore, the saddle is the critical position.  
 
Figure 7-9: Typical KII along root crack front doubler-plate reinforced CHS joint 
subjected to brace-tension.  
The corner effect, observed in previous study on the doubler-plate reinforced plate 
connection, also exists for doubler-plate reinforced CHS joint.  That is, the 






















Chapter 7 Doubler plate reinforced circular hollow section joint 
- 184 - 
vice versa. Although the results do not change smoothly at the weld corner (Figure 
7-9) due to the complexity of the geometry, it is much lower than the saddle position 
and therefore should not be the critical position.    
 
Figure 7-10: Corner effect at the weld intersection. 
7.3.1.2 Crown Position 
Figure 7-11 plots the von Mises stress at the crown position for different doubler-plate 
sizes for the same chord and brace diameters.  It is observed that the stress for the 
medium-length doubler-plate (ld/d0 = 0.86) is most severe.  This phenomenon can be 
explained in terms of bending stiffness of the doubler plate. For same brace diameter, 
a smaller doubler-plate is more rigid and it deforms less than medium size doubler-
plate. However, for a larger doubler plate, the weld is located further away from the 
brace and thus the pulling effect of the brace becomes less than for a medium doubler-
plate.  
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Figure 7-11: von Mises stress plot for the crown position, for: (a) small doubler-plate 
(ld/d0 = 0.54); (b) medium doubler-plate (ld/d0 = 0.86); (c) large doubler-plate (ld/d0 = 
1.40). Deformation is exaggerated 50 times.  
Figure 7-12 plots the variation trends of Keff for different β and doubler-plate sizes 
(ld/d1).   It can be observed that the doubler-plate size that achieves a maximum Keff 
(mainly KII in this case) differs for various brace diameters.  
Besides, it is observed that an increase of brace size increases the root SIF at the 
crown position. This effect is more obvious for smaller doubler-plate size.  
(a) (b) 
(c) 
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Figure 7-12: Keff for weld root at crown position, showing the effect of β (d1/d0) and 
the doubler-plate size (ld/d1).  
 
Figure 7-13: von Mises stress plot at crown position for: (a) medium doubler-plate 
(td/t0 = 1); (b) thick doubler-plate (td/t0 = 1.6). Deformation is exaggerated 50 times. 
Figure 7-13 plots the von Mises stress at the crown position for different doubler-plate 
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similar.   This can be observed from Figure 7-14 which plots the variation trends of 
Keff for different doubler-plate thicknesses (td/t0) and doubler-plate sizes (ld/d1).  The 
figure also shows clearly the effect of the doubler-plate size.   The effect of the 
doubler-plate size is much more significant than the effect of the doubler-plate 
thickness.   
 
Figure 7-14: Keff for weld root at crown position, showing the effect doubler-plate size 
(ld/d1) doubler-plate thickness (td/t0).  
7.3.1.3 Saddle Position 
Figure 7-15 plots the von Mises stress at the saddle position for different doubler-
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Figure 7-15: von Mises stress plot for the saddle position, for: (a) small doubler-plate 
(ld/d0 = 0.54); (b) medium doubler-plate (ld/d0 = 0.86); (c) large doubler-plate (ld/d0 = 
1.19). Deformation is exaggerated 50 times.  
Figure 7-16 plots the variation trends of Keff for weld root at saddle position subjected 
to uniform tension acting on the braces.   The plot shows the effect of β (d1/d0) and the 
doubler-plate size (ld/d1).  
(a) (b) 
(c) 
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Figure 7-16: Keff for weld root at saddle position, showing the effect of β (d1/d0) and 
the doubler-plate size (ld/d1).  
 
Figure 7-17: von Mises stress plot at saddle position for: (a) medium doubler-plate 
(td/t0 = 1); (b) thick doubler-plate (td/t0 = 1.6), for small doubler-plate (ld/d0 = 0.65). 
Deformation is exaggerated 50 times.   
Figure 7-17 displays the stress plots at the weld root at the crown position.  It is 
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reduces the stress severity at the weld root.   However, for a large doubler-plate (ld/d0 
= 1.08), a thicker doubler-plate causes higher stress magnitude, as shown in Figure 
7-18.   
 
Figure 7-18: von Mises stress plot at saddle position for: (a) medium doubler-plate 
(td/t0 = 1); (b) thick doubler-plate (td/t0 = 1.6) for large doubler-plate (ld/d0 = 1.08). 
Deformation is exaggerated 50 times.  
 
Figure 7-19: Keff for weld root at saddle position, showing the effect doubler-plate size 
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The variation trends can be observed from the Keff plot in Figure 7-19.  The plot also 
shows clearly the effect of doubler-plate size.  The effect of the doubler-plate size is 
more significant than the effect of the doubler-plate thickness.  
7.3.2 Brace compression 
7.3.2.1 Results for a standard model 
Figure 7-20 shows a typical deformed shape (exaggerated) for a 1/8 model subjected 
to brace compression.   It is observed that the root crack opens up at the crown 
position which shows mode I opening.  However, no obvious crack opening can be 
observed at the saddle position.  Therefore, mode II (in-plane sliding) cracking is 
expected at saddle position.  
 
Figure 7-20: Deformation subjected to axial compression acting on brace. 
Figure 7-21 shows the typical SIF along the root weld crack front for a doubler-plate 
reinforced CHS X-joint subject to brace compression. The observed deformation 
shape is confirmed by the KI and KII plots.  Highest KI is achieved at the crown 
position while highest KII is achieved at the saddle position.  The combined SIF shows 
Crown 
Saddle 
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the crown is the critical position. The corner effect (as explained in Figure 7-10) is 
also observed, and the corner is not a critical position.  
 
Figure 7-21: Typical KI and KII for doubler-plate reinforced CHS joint subjected to 
brace compression.  
7.3.2.2 Crown Position 
Figure 7-22 shows the stress plot at the crown position for different doubler-plate size, 
when the joint is subjected to brace compression.   The variation trend is similar to the 
brace-tension case, a medium-sized doubler-plate is more critical than either smaller 
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Figure 7-22: von Mises stress plot for the crown position, for: (a) small doubler-plate 
(ld/d0 = 0.54); (b) medium doubler-plate (ld/d0 = 0.86); (c) large doubler-plate (ld/d0 = 
1.30). Deformation is exaggerated 50 times. 
Figure 7-23 plots root Keff at the crown position for different doubler-plate sizes (ld/d1) 
and brace diameters (d1/d0).   Similar to the brace-tension case, larger brace diameter 
causes higher Keff.  For certain brace size (d1/d0), maximum Keff is achieved for a 
medium-sized doubler, and this size changes with the brace diameter.  
(a) (b) 
(c) 
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Figure 7-23: Keff for weld root at crown position, showing the effect of β (d1/d0) and 
the doubler-plate size (ld/d1).  
Generally, Keff at the crown for brace-compression is significantly higher than that for 
brace-tension case, due to the high KI that plays major role for brace-compression 
case.  
Figure 7-24 displays the von Mises stress plot at the crown position for different 
doubler-plate thicknesses for a relatively large doubler-plate size (ld/d1=2).  It is 
observed that the stress at the weld root of a thicker doubler-plate is more severe than 
that for a thinner doubler-plate.  
Figure 7-25 plots the Keff for different doubler-plate size and thickness.   It is observed 
that the effect of the doubler-plate thickness is not consistent for different doubler-
plate size.  For a larger doubler-plate, thicker doubler-plate is more critical, as 
observed in the stress plots (Figure 7-24).   However, for a smaller doubler-plate, 
thinner doubler-plate is more critical.   The effect of the doubler-plate thickness is less 
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Figure 7-24: von Mises stress plot at crown position for: (a) medium doubler-plate 
(td/t0 = 1); (b) thick doubler-plate (td/t0 = 1.6), for large doubler-plate (ld/d1 = 2).  
 
Figure 7-25: Keff for weld root at crown position, showing the effect doubler-plate size 
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7.3.2.3 Saddle Position 
Figure 7-26 displays the von Mises stress contour at the weld root at the saddle 
position for different doubler-plate sizes.   Similar stress patterns are observed for all 
small and medium doubler-plate sizes.  The stress for medium-sized doubler-plate is 
more severe.   The stress pattern for larger doubler-plate shows slight difference, and 
similar severity as the medium doubler-plate case.   This is based on a medium brace 
size (β = 0.5).   
 
Figure 7-26: von Mises stress plot for the saddle position, for: (a) small doubler-plate 
(ld/d0 = 0.54); (b) medium doubler-plate (ld/d0 = 0.86); (c) large doubler-plate (ld/d0 = 
1.30). Deformation is exaggerated 50 times.  
(c) 
(a) (b) 
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Figure 7-27 plots the Keff at the saddle position for different doubler-plate sizes and 
brace diameters.  The effect of doubler-plate size, as observed in the stress plot, is 
observed. However, for large β value, the doubler-plate size has more significant 
effect on root Keff.  
 
Figure 7-27: Keff for weld root at saddle position, showing the effect of β (d1/d0) and 
the doubler-plate size (ld/d1).  
Figure 7-28 displays von Mises stress for the weld root at the saddle position for 
different doubler-plate thicknesses.  Similar stress patterns are observed while stress 
for smaller doubler-plate thickness is more severe.  
Figure 7-29 plots the Keff for different doubler-plate sizes and thicknesses.   The 
doubler-plate thickness does not have consistent effect on the root Keff, as also 
observed at the crown position.   Similarly, the effect of the doubler-plate thickness is 
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Figure 7-28: von Mises stress plot at saddle position for: (a) medium doubler-plate 
(td/t0 = 1); (b) thick doubler-plate (td/t0 = 1.6).  
 
Figure 7-29: Keff for weld root at saddle position, showing the effect doubler-plate size 
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7.4 Comparison between weld root and weld toe 
Several selected cases have been evaluated on the weld toe cracking at the saddle 
position of the doubler-plate.   The model was modified by inserting a toe crack of 
depth of 0.15mm and 1mm at the weld toe.   The modeling method described in 
Chapter 3 in this thesis has been utilized, with some modification (as shown in Figure 
7-31):  
1) A few elements were removed from the weld toe.  
2) The removed elements were used to form outline of the crack block to be 
insert. 
3) A crack of depth a (0.15mm and 1mm) and surface length 10a was 
modeled along the original toe line. 
4) Remaining vacancy in the block was filled up.  
5) This refined crack block was then added to the original model, all its 
boundaries were "tied" to the existing elements.  
The modified model was loaded to the same load conditions as in the previous 
paragraphs in this chapter.  
Figure 7-30 shows the stress plot for the joint subjected to brace tension, and a 
zoomed in view of the toe crack is shown in Figure 7-31. 
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Figure 7-30: von Mises stress plot for doubler-plate reinforced X-joint with inserted 
toe crack, subjected to brace tension. 
 
Figure 7-31: Local view of toe crack – von Mises stress plot subjected to brace 
tension.  
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Comparing the SIF for initial cracks (initial gap at the weld root and 0.15mm crack at 
weld toe),  it is found that the potential cracking position is not solely governed by the 
crack size.   At the critical position of saddle (as discussed in previous paragraphs), 
the length of the doubler-plate has more significant influence than any other 
parameters.  As shown in Figure 7-32, for a smaller doubler-plate (ld/d0 = 0.54), local 
stress at the toe of the doubler-plate is almost as high as at the brace weld, while less 
stress concentration is observed for a larger doubler-plate (ld/d0 = 0.97).  
  
Figure 7-32: Stress concentration at saddle positions for different doubler-plate size. 
Two sets of Keff  comparisons are shown in Figure 7-33.   It is found that for smaller 
doubler-plate (ld/d0 < 0.5 in these cases), SIF values for toe cracks are higher than 
those for root cracks.   Therefore, cracking is more likely to initiate from the weld toe. 
For larger doubler-plate, although the root SIF shows a trend of decreasing, it is 
higher than the SIF for toe crack.  Therefore, cracking is more likely to initiate from 
the weld root.  
ld/d0 = 0.97 ld/d0 = 0.54 
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Figure 7-33: SIF for weld root and weld toe (a/t0=0.015, a/c=0.1). 
As discussed in previous chapter, a full penetration weld instead of fillet weld is 
beneficial to the root cracking. 
7.5 Discussions and conclusions 
This chapter presents studies on the weld root of doubler-plate reinforced CHS X-
joint.   Three major parameters are studied: brace to chord diameter ratio (d1/d0), 
doubler-plate length to brace diameter ratio (ld/d1) and doubler-plate to chord 
thickness ratio (td/t0).   Remote tension or compression is applied to the brace ends.   
Generally, the corner position is found to be a non-critical position, considering the 
existence of corner effect.   The deformation of the transverse weld is restricted by the 
longitudinal weld, and vice versa.  
When the joint is subjected to brace tension, mode II sliding dominates the weld root 
at both the crown and saddle positions.  When the joint is subjected to brace 
compression, mode I opening dominates the weld root at the crown position, while the 
mode II sliding plays major role at the saddle position.  
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Of all the parameters studied in this chapter, the shape of the doubler-plate (ld/d0) has 
the most significant influence on the weld root SIF at the saddle position.   Generally, 
when the doubler-plate size is close to the chord diameter (ld/d0 ≈ 1, or the doubler-
plate curvature stretches an angle around 1 rad), root Keff at the saddle achieves its 
maximum value. The reason involves not only the deformation of the doubler plate, 
but the chord as well: 
• For a very small doubler plate, only the top part of the chord is deformed. 
Deformation is mainly in the form of out-of-plane bending. This deformed region 
is relatively more flexible which makes it more compliant to follow the doubler 
plate. Thus results in smaller root SIF. 
• For a medium sized doubler plate (e.g. ld/d0 ≈ 1), a major part of the chord (1/3 
perimeter or more) has deformed, which comprises out-of-plane bending as well as 
in-plane deformation. Therefore, it becomes more rigid and less willing to follow 
the doubler plate. Thus results in higher root SIF.  
• However, for a very big doubler plate, the in-plane deformation of the doubler 
plate itself is dominant. Therefore, root SIF may slightly drop from the maximum.  
This behavior is clearly observed for the brace tension case in which mode II sliding 
constitute the major part of the root SIF.  
Besides the root, the doubler-plate size also manifests its influence on the formation 
of toe cracks. Generally, it is beneficial to use smaller doubler-plate in order to avoid 
potential cracking from the weld root.   
The doubler-plate thickness shows marginal influence on the weld root Keff for the 
practical range of plate-to-chord thickness ratio (td/t0 = 1.00~1.60).  
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CHAPTER 8 CONCLUSIONS 
8.1 Brief overview 
8.1.1 SIF evaluation 
Stress Intensity Factor (SIF) evaluations have been carried on various structural 
connections by numerical simulations.   The purpose of these studies is to verify the 
validity of the method and to determine the proper finite element model (critical mesh 
size) for subsequent studies. SIF along the front of a surface semi-elliptic crack in 
infinite body was evaluated and compared with the numerical results of Newman and 
Raju (1981). Study on a through crack investigates the stress distribution and the 
variation of the mode I SIF along a straight three-dimensional crack.  The results were 
checked against plane strain theory near the mid-crack and against the results from 
Raju et al, (1977) and Leung et al, (1995) at the free surface.  A study on semi-
elliptical surface crack in a finite-thickness plate was compared against results in 
numerical work by Raju and Newman (1979).  
Numerical study has been carried out on rat-hole connection for ship structures, as a 
case study for a proposed Risk-Based Inspection planning (DnV, 2003a).   Parametric 
study was carried out on semi-elliptical surface cracks at the weld toe. The obtained 
stress distribution and SIF values are in good agreement with BS7910 (1999). 
A detailed study on the propagation of weld root crack of a fillet-welded load-
carrying cruciform joint has been carried out.   The study was verified against the 
numerical and experimental work done by Doerk (2003).   A method to predict and 
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evaluate the root crack propagation has been proposed and extended to use in the 
study of doubler-plate reinforced connections.  
8.1.2 FE program development 
To reduce the effort and time consumed in the FE meshing, the author has developed 
several computer programs which implemented automatic procedures in generating 
the refined FE mesh along the crack line.  These programs include core mesh 
generation along the crack front, automatic surface crack generator, etc, for both two 
and three dimensional applications. 
8.1.3 Doubler-plate reinforced connections 
Numerical study has been carried out on the doubler-plate reinforced plate 
connections, first on two-dimensional cases, and followed by three-dimensional 
studies.   Comparisons between weld root and weld toe crack have been carried out. 
For two-dimensional study, predicted fatigue lives have been compared.   For three-
dimensional study, initial status has been compared between the root and toe, based 
on the method proposed in the study on load-carrying cruciform joint. 
Extensive parametric study has been carried out on major parameters. Critical 
positions and conditions have been identified. Results have been summarized in charts 
for potential reference. Since it is difficult to explicitly determine the root SIF based 
on the parameters, neutral network method has been utilized to present the SIF values 
for weld root crack.  
Three-dimensional numerical analysis has also been carried on doubler-reinforced 
CHS X-joint.  Parametric study has been carried out on the weld root cracking. 
Critical positions and conditions have been identified. Results have been summarized 
in charts for potential reference.   
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8.2 Main findings and conclusions 
Based on the studies carried out, the following observations and conclusions can be 
made: 
• The proposed FE method for SIF evaluation provides accurate and consistent 
results, based on the comparisons against both numerical and experimental 
reference results.   Although the mesh quality plays an important role in the 
results obtained, the evaluation of SIF by J-integral contour is proved to be 
robust even based on relatively coarse mesh.  The required mesh density has 
been determined through the verifications cases.   
• From the study on the load-carrying cruciform joint, it is found that the 
multiple degree of freedom (DOF) crack propagation is suitable for the 
prediction of crack propagation in a three-dimensional domain.  The method 
provides results comparable to experimental findings.   However, this method 
requires extensive manual work, and automatic mesh generation procedure is 
essential.  
• The computer programs developed by the author are proven to be very useful, 
particularly in providing quality mesh surrounding the crack front and good 
transition domain between the crack pattern and the global model.  This 
transition domain is fulfilled either by a domain filled with tetrahedral and 
pyramid elements, or using the mesh-tying procedure.   The expected loss in 
stress and strain transfer turns out to be very limited for linear elastic analyses. 
The programs also significantly save the effort and time spent on FE modeling.  
• From the study on the rat-hole connection in ship structures, it is found that 
the weld toe has significant influence on the toe crack SIF, especially at the 
free end.  The SIF value near to the free end turns out to be much higher than 
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the deepest point which suggests that the crack propagation is very likely to 
grow also along the weld edge in the surface. However, when the crack free 
end is located away from the weld toe, the deepest point is still the critical 
position, and the crack growth in the through-thickness direction is the major 
concern. 
• From the numerical study on the doubler-plate reinforced plate connections, 
good agreement has been reached between the current research and the 
reference work by DnV (2000) on weld toe cracking, as well as between 2-D 
and 3-D studies on both weld toe cracking and root cracking.  It is found that 
mode II in-plane sliding has major contribution in root SIF and the geometric 
configurations have influence on the root SIF.  The weld size has the most 
significant influence. Very small weld usually results in very high root SIF. 
Besides, the thickness of the doubler-plate also affects the root SIF.  The 
optimum thickness is that similar to the main plate.  The main plate size also 
has certain influence on out-of-plane loading cases, mainly the plate shape and 
the length of the shorter edges.  
• From the study on the doubler-plate reinforced plate connections, it is found 
that in considering the weld root cracking, the weld corner is not critical 
position due to the existence of the corner effect.  
• From the comparison between the weld root and toe area for doubler-plate 
reinforced plate connections, it is found that the weld toe cracking is more 
critical than the weld root as long as the weld size satisfies the American 
Welding Society (AWS, 2000) requirements and good workmanship is 
guaranteed.    
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• Though the weld root should not be a critical position as discussed, it is 
recommended to take some precautions in order to further reduce the root 
cracking risk.  These includes: 1) using a doubler-plate of the similar thickness 
as the main plate; 2) using larger weld size and using partial penetration weld 
if possible; 3) reducing the size of the shorter edge of the main plate.  
• From the studies on the doubler-plate reinforced CHS X-joint, mode I and II 
SIF are both observed at the crown position while mode II sliding governs the 
saddle position.  Of all the geometric parameters studied, the shape of the 
doubler-plate (ld/d0) has the most significant influence on the weld root SIF at 
the saddle position, as well as the potential cracks at the weld toe.  Generally, 
when the doubler-plate size is close to the chord diameter (ld/d0 ≈ 1) root Keff 
at the saddle reaches its maximum value.  For doubler-plate size equals to or 
larger than that, root cracking is more likely to develop than the toe cracking.  
• A database of computed SIF values for doubler-plate root cracking has been 
established, and implemented in neural network for easy access.  
8.3 Proposals for future research 
8.3.1 FE program development 
The automatic mesh generator is developed for the use in this project for fixed 
configurations of cracks.  This program can be further developed for general usage on 
crack mesh generation.  It is also possible to extend the program to generate a series 
of models for crack propagation study.  The algorithm of multiple DOF crack 
propagation has to be implemented.  
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8.3.2 Doubler-plate reinforced joint  
Further research work is recommended on the crack propagation simulation of root 
cracking from the existing root crack, by multiple DOF method using the latest finite 
element technique. This may cover root cracks for various structural details besides 
the doubler-plate reinforced joints.  
The geometric configuration of the joint may greatly influence the weld root cracking. 
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APPENDIX 
A. Source codes for FE model modification programs   
This appendix gathers the major parts of the source codes for several FE model 
modification programs developed by the author, for the purpose of the research 
project “Stress Intensity Factors for Ship Structural Details”. All these codes were 
tested to be executable in Microsoft Visual C++ environment with necessary user 
interface added on an IBM PC compatible computer. These programs include: 
• Core2D, two-dimensional crack front mesh generator. 
• Core3D, three-dimensional crack front mesh generator. 
• Crack, surface crack generator. 
• NNPatGen, Neural Network input/output pattern file generator. 
• Convertor, conversion among different FE input files, including ABAQUS, 
ANSYS, NASTRAN. 
A soft copy of the codes is attached to this thesis. Soft copies of the executable files 
are also attached to this thesis.  
  
 
